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Abstract
Kota, Vasuman. M.S.M.E., Department of Mechanical and Materials Engineering,
Wright State University, 2019. Rasters vs. Contours for Thin Wall ULTEM 9085 FDM
Applications

Currently many components are additively manufactured via fused deposition modeling
(FDM). However, FDM results in gaps between passes which produces a poor surface
finish and porous material that is difficult to hold pressure. Commercial scale air systems
require a pressure to be maintained within thin walled components with minimal post
processing and clean up after fabrication. A design of experiments (DOE) was created to
identify the optimal raster vs contour ratio for UTLEM 9085 CG fabricated using FDM at
different build angles and wall thicknesses. A custom-built pressurized test system was
developed, the leak rates were calculated, and the surfaces were analyzed
microscopically. In addition, a statistical analysis was performed at a 95% confidence
interval to identify the range of leak rates that could be expected at each thickness and
build angle. Results can be used to optimize the FDM process and component geometries
for pressurized applications.
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DOE – Design of Experiments
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DLP – Digital light processing
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DED – Directed energy deposition
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1. Introduction
Additive Manufacturing (AM) is an alternative manufacturing method that allows for
rapid prototyping, quick turnaround times, and more cost-effective manufacturing
solutions. There are many types of AM methods such as Metal AM Printing, Polymer
AM Printing, stereolithography (SLA) resin printing, etc. The most common form of AM
is fused deposition modeling (FDM) printing. FDM can print a range of material
including; ABS, PLA, ULTEM, ASA, PETG, etc. Different materials have different
temperature ranges that are suitable for printing (Griffey, 2014). Once the material is
selected, it is extruded out of a nozzle on to a bed or platform. Once a model is created it
can be exported as a stereolithography (STL) file through a modeling software such as
SolidWorks (Shah, Haick, Bates, McCarthy, & Yu). FDM is an AM process where
material is heated up and pushed through an extruder. The material is extruded onto a
print bed and this process is repeated for each layer. Some of the advantages of FDM
printing include, speed and rapid prototyping, cost effective manufacturing, and an
automated process (Shah, Haick, Bates, McCarthy, & Yu). Some of the disadvantages
include, materials, sizes, and upfront cost of machinery required.

1.1 Motivation
The motivation behind this project was the current void in optimized processing
parameters for FDM printing. In addition to the missing information on tool path
optimization, there was a void for commercial use sealed air systems. The current
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solutions required additional post processing, resulting in a more expensive solution. The
main issue that was presented was a series of outdated aircraft components that could no
longer hold pressure. These components were manufactured along with their respective
aircrafts in the early to mid-1900 and many of these components were destroyed,
irreplaceable, and impossible to acquire without significant costs. By utilizing AM, these
outdated irreplaceable components can be quickly manufactured and updated to
outperform the existing components. While FDM has many positives a major challenges
is the ability of the material to hold pressure. One of the biggest limiting factors of FDM
is due to the layer by layer addition in a material extrusion fashion, there are often voids
and defects lefts in the print.

1.2 Contributions
While FDM occupies a large space in AM, and there is still a lack of understanding of
the toolpath forming contours and rasters which fill in the geometry of each layer. By
creating a design of experiments (DOE), the effects of different raster and contour
patterns was tested to determine the leak rates. This experiment was used to help
determine which sets of test coupons held the best pressure. By doing so, a database can
be created that allows the end user to know well before printing which sets of angles,
thicknesses, and parameter sets result in the best part.
While only the leak rates were considered in this experiment, there are many
unknowns that still exist. The air gaps were left at the standard parameters for this
experiment. Now that there are certain combinations that result in better thicknesses;
taking those coupons to the next level and addressing more combinations with air gaps
could yield more information and more improved parts. A combination at a 95%
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confidence interval now exists and is just the start to a database filled with FDM design
rule guides. With the addition of raster and contour optimization, FDM opens a new
window of opportunities that can be used for many new fields and components.
The contributions of this thesis are as follows:
•

Sealing was achieved without the need to further post-process parts

•

A series of design rule guidelines that allow for optimal raster to contour
ratios were determined

•

A database of leak rates and parameters was developed

•

The surface finish was also determined and related to the leak rates

1.3 Thesis Organization
This thesis will start with a background section in Chapter 2 that breaks down
some of the different techniques and process used in additive manufacturing. The
reasoning behind selecting FDM is also introduced along with the different materials
considered for this project. Once the printer and material is identified, the type of
pressurized experimental setup is introduced. A few different styles are mentioned and in
addition a full test setup and program are also created. The results obtained are compared
and a doe is also created. Overall a rule guide is established for optimal parameters.
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2.Background
2.1 Types of AM Processes
AM is widely recognized as a layer-by-layer adhesion process to fabricate polymer
materials. There are additional methods that include resin and photopolymerization. AM
is widely considered a low energy process and can provide benefits that include increased
manufacturing efficiency and better-quality products. AM can be much quicker and
efficient due to the reduced post processing times. Rapid prototyping using AM can
increase the manufacturing efficiency as well. There are many AM benefits such as
reducing the raw material required, reducing the component weight, and increasing part
production capability. With the use of AM, designs can include more complex
geometries. Some areas in AM that require further refinement include the surface finish
that can be directly tied to the geometric accuracy. Another area that could use further
investigation is the power output; power variations and changes can greatly change the
outcome of a print. With the ability to choose from a wide range of materials, AM can
make production more efficient. The main forms of AM include; VAT
Photopolymerization, powder bed fusion, directed energy deposition, binder jetting,
material jetting and material extrusion (An Assessment Of Energy Technologies And
Research Opportunities , 2015).
The process of going from Solid Model to a final print begins with an STL file. The
file turns a cad model into a series of sliced triangles containing the information of each
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layer for printing as shown in Figure 1. The STL file was invented in 1987 and was
created by 3D Systems Inc. (Wong & Hernandez, 2012). STL file is the standard used file
in the majority of AM builds.

Figure 1: Model to STL

2.1.1 VAT Photopolymerization
VAT photopolymerization is a process that includes a liquid of curable polymer
when exposed to an energy source with a laser beam or some light projection system. An
example of the process is shown in Figure 2. The system will follow a layer by layer
addition process while curing each layer (MacDonlad & Wicker, 2016). VAT
photopolymerization includes many of the curing-based AM processes such as
stereolithography (SLA), multiphoton polymerization (2PP) and digital light processing
(DLP). Some factors to consider with VAT Photopolymerization is the minimum
resolution of the light sources influence the xy resolution and process parameters (Ligon,
Liska, Stampfl, Gurr, & Mulhaupt, 2017).
One of the main contributors to the VAT process is stereolithography (SLA)
printing. Not to be confused with STL, SLA manufacturing started in the early 1980’s
and has grown tremendously since then. In the SLA process, the light source is used to
induce polymerization and cross linking of the resin material. One of the largest benefits
of SLA printing is the quick print times and high resolution. The light-based process is
5

done by shooting a beam onto the bed using a photosensitive material. The print times are
fast and dependent on the speed of the laser and light exposure (Ligon, Liska, Stampfl,
Gurr, & Mulhaupt, 2017).

Figure 2: SLA Print

Digital light processing (DLP) is another form of AM that uses the Vat
photopolymerization process. The process is very similar to SLA and uses a vat of resin
and a light in a layer by layer addition process. One of the main differences between SLA
and DLP is each layer is exposed and not point to point by a light source. This method
increases build time due to the entire layer being exposed at once (Ligon, Liska, Stampfl,
Gurr, & Mulhaupt, 2017).
2.1.2 Powder Bed Fusion
Currently powder bed fusion (PBF) and production of AM metal parts is on the rise. The
ability to create and rapidly prototype metal parts while limiting the use of post
processing and other techniques greatly increases part turn around and reduces overhead
costs. The PBF process utilizes a heat source, powder, a bed, and a recoater to create
6

parts on a layer by layer basis. The powder thickness can vary but under 100 microns can
result in a better surface finish of the overall part (Levkulich, 2016).
One of the main methods of PBF is known as selective laser sintering
(SLS). The process, similar to PBF, consists of power deposition and a laser melting the
powder in a layer by layer addition on a build plate (Ligon, Liska, Stampfl, Gurr, &
Mulhaupt, 2017).

Figure 3: PBF & SLS Printing Process (Ligon, Liska, Stampfl, Gurr, & Mulhaupt, 2017).

The build plate will often move vertically and a recoater arm will finely spread the
powder as shown in Figure 3. The process, while dealing with powder, is similar to SLA
as it will utilize a laser source for its solidification (Ligon, Liska, Stampfl, Gurr, &
Mulhaupt, 2017).
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2.1.3 Directed Energy Deposition
Directed energy deposition (DED) is another form of AM that uses thermal
energy (Ligon, Liska, Stampfl, Gurr, & Mulhaupt, 2017).

Figure 4: DED Process (Directed Energy Deposition)

The process works with a 4 or 5 axis arm that moves around with a fixed nozzle as shown
in Figure 4. The nozzle then deposits the material onto the surface and can be extruded in
both powder and wire form. Similar to PBF, a laser, or other beam based heat source, will
melt the deposited material. Additional material is added each layer and the process is
then repeated. Some differences to note as the DED process can use wire; however, it
will be less accurate due to a premade shape or spool. Some benefits include less material
usage as the wire is already premade. As of now the material options are very limited and
some of the finishes can require additional post processing (Directed Energy Deposition).
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2.1.4 Binder Jetting
Binder jetting started in the early 1990’s and consisted of which a binder was
printed onto a powder bed to create cross sections (Gibson, Rosen, & Stucker , 2015). A
liquid binding agent deposits into a binder of powder and joints the particles together.
The idea behind binder jetting is very similar to PBF, in which an energy source melts
material on a defined surface which can be seen in Figure 5. Some limitations of binder
jetting deals with the lack of readily available material. Many print trials and materials
have been tested with binder jetting such as composites, metals and ceramics but only a
few materials are commercially available. One the noticeable differences with binder
jetting is the ability to create parts without deploying heat during the build process. By
creating parts without using heat, binder jetting can greatly reduce the amount of residual
stress found in a part that otherwise would require post processing and heat treating to
remove (What is Binder Jetting?, n.d.).

Figure 5: Binder Jetting (What is Binder Jetting?, n.d.)

2.1.5 Material Jetting
Material jetting is another form of AM in which a printer behaves very similar to
a 2D printer and can be seen in Figure 6. Some key advantages to Material jetting is the
9

ability to produce parts utilizing multiple materials. Much like PBF and other AM
processes support structure will need to be generated while using the material jetting
process. Another advantage to material jetting is the ability to have glossy surfaces which
allows for very good surface finishes (Supports in 3D Printing: A technology overview,
n.d.).

Figure 6: Binder Jetting (Supports in 3D Printing: A technology overview, n.d.)

Similar to a layer by layer addition process and SLA printing, a liquid resin is heated to
an optimal temperature. The print head moves around the build platform depositing
droplets of photopolymer material. A UV light then goes around with the print head and
cures the photopolymer material solidifying the layer. This process is then repeated each
layer to build the desired part. The typical layer height for material jetting ranges from
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16-32 microns and overall, this process of AM is considered one of the most accurate
methods for 3D printing.
While material jetting is very efficient and versatile, there are some draw backs that
makes material jetting more difficult for aging parts. The parts produced from this
process of AM degrade over time due to the photosensitive materials (Supports in 3D
Printing: A technology overview, n.d.). The costs of material jetting are also very high
making it not the best choice for many parts.
2.1.6 Fused Deposition Modeling
While many forms of AM exist, fused deposition modeling (FDM) is one of the
largest. As stated before, FDM is good for rapid prototyping and creating complex
geometries. There are a wide range of materials that can be used with FDM that all utilize
different temperatures and extrusion rates. The FDM process much like many of the other
types of AM begin with a CAD file and STL. As previously mentioned, the STL is a
binary file that identifies the CAD geometries in a series of triangles.. The STL can be
exported to the desired print software and can be sliced into layers and different sections
(Montero, Roundy, Odell, Ahn, & Wright , 2001).
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Figure 7: FDM Process (Montero, Roundy, Odell, Ahn, & Wright , 2001)

The process works with spool of filament goes through a nozzle and is heated to the
desired temperature and can be seen in Figure 7. Once the material is heated and ready be
extruded, it is pushed through the nozzle onto the build plate. The material is extruded in
a semi molten state and solidifies once it is fully deposited on the build plate. The head
extruding the material, can move around the XY plane and the build plate can adjust its
height in the Z plane. This process is performed in a layer by layer addition until the print
is complete (Montero, Roundy, Odell, Ahn, & Wright , 2001).
Like many of the other AM processes explained, FDM will require some form of
support structures for over hangs and different angles and features found in the CAD
model. A good rule to note is support will need to be added to any angle less than 45
degrees. Depending on the type of printer, a second print head can be used for support
material as found in the Stratasys commercial grade printers. Many of the desktop FDM
solutions utilize the same print head for model and support material and change the
geometry of the support so it can be removed easily.
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Figure 8: FDM Support Generation (Supports in 3D Printing: A technology overview, n.d.)

2.1.6.1 Supports in FDM
Before printing, support generation plays a large role in the success and outcome
of a print. If an FDM printer has one extruder head, the generated support will be using
the same model material. If the printer is dual head, it can utilize a separate print head to
lay the support. The majority of desktop FDM solutions will utilize a single print head.
Many of the commercial and production ready FDM printers such as the Stratasys line of
printers will utilize a second print head dedicated to printing support. Generally, FDM
can print each layer without support with angles up to 45 degrees. Anything that prints
over 45 degrees will create overhangs and require some form of support (Supports in 3D
Printing: A technology overview, n.d.). Support examples can be seen in Figure 8.
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Figure 9: FDM Support Diagram (Supports in 3D Printing: A technology overview, n.d.)

Many desktop and commercial print software’s will automatically generate
support based on a set angle with the ability to remove it if necessary. A good rule of
thumb for decision when supports are needed can be seen in Figure 8. The first letter to
consider when determining support is the letter y. while it has overhangs, the ends extend
at or under 45 degrees allowing them to print without support (Supports in 3D Printing: A
technology overview, n.d.). The next letter seen in Figure 8. As shown, the underside of
the letter h will require support. This is due to the bridge and overhang that exist due to
the geometry. While this part geometry will require support something to note is
geometry that is bridged can often print without support if it is under 5mm (Supports in
3D Printing: A technology overview, n.d.). Support is recommended but the part can be
printed as seen below in Figure 10.
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Figure 10: FDM bridging (Bridging , n.d.)

Bridging is very temperature dependent and when choosing to bridge vs support a
part, it is recommended to lower the print temperature to allow for layer to layer addition.
Another factor that should be considered is slowing the print speed down. In addition to
the temperature, reducing the print speed can also improve the overall print as seen in
Figure 11 (Bridging , n.d.).

Figure 11: FDM Optimized Bridging (Bridging , n.d.)

Another factor to consider before adding support is to determine if it can be easily
removed or not. Unless support material is crucial to a part, it can increase print times, be
very difficult to remove and even compromise the integrity of a part. Some of the benefits
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of FDM and AM manufacturing is the ability to create complex geometries that can be
self-supported and printed.

Figure 12: Cross Section View of Material

Figure 12 shows the cross-sectional view of one of the samples tested for sealing. As
shown, there are many voids and pockets in the print due to the angle and parameter set
used. This will be further identified and explained in the results and discussion section,
but the main take away for now is the need to optimize the FDM parameter set to further
improved the sealing of parts.

2.2 FDM Printer and Software
2.2.1 Introduction
The printer used for the data acquisition was the Stratasys Fortus 900 series printers.
This printer original began as the 900mc but with some chamber and improved canister
drying, the newest revision has been rebranded as the F900. The 900 series printers are
extremely versatile and can produce large production prints. The 900 series printer was
created to rapidly prototype jigs, tooling, and prototypes turned in a commercial ready
manufacturing environment. The printer can create print files utilizing either Insight or
now GrabCad. Insight is used to create the samples for this test as it allows for parameter
control which directly changes the results of the sealed parts. Over the years, many new
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materials and certified materials have been introduced as an available material with the
450 and 900 series printers. The notable materials include ASA, ABS, PC, Nylon, and
ULTEM (Fortus 900mc, 2008) (3D Printer Materials & Filament , n.d.).

2.2.2 Materials
This section will discuss the different materials that are considered for this
application. The Stratasys F900 printer is capable of printing a wide range of materials.
Choosing the proper material was crucial to this application due to the wide range of
requirements regarding material and physical properties.
2.2.2.1 ASA
Acrylonitrile styrene acrylate (ASA) is a high-quality UV stabile material readily
available in many colors (3D Printer Materials & Filament , n.d.). ASA is excellent for
prototyping and due to its UV resistance; it is a great product for outdoor and commercial
use. When using ASA, soluble support material is also possible allowing for all the
support material to be removed in a dunk tank resulting in a easier support removal (3D
Printer Materials & Filament , n.d.). ASA provides excellent strength and rigidity with
good stability and chemical resistance to the environment. ASA is also very resistance to
yellowing and changing color over time. Some issue that exist when considering ASA is
it can melt with other thermoplastics. ASA can be extremely dangerous to breathe and be
around when under fire giving it a very poor flame-retardant rating (Acrylonitrile Styrene
Acrylate (ASA) Plastic, n.d.). Due to its toxic properties, it proved to not be the correct
material of choice for this test. The desired material needed to have a good flameretardant characteristic.
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2.2.2.2 ABS
Acrylonitrile Butadiene Styrene (ABS) is a widely used material in many industries
and manufacturing techniques. ABS was most commonly used for injection molding
applications become popular with in AM. ABS became popular due to its low material
cost and usability for machining. ABS can maintain its material properties while keeping
the costs down. Some of the benefits of ABS include impact resistance, structural
stiffness, good temperature performance, and chemical resistance. ABS can maintain
these properties due to its manufacturing process. By merging styrene and acrylonitrile, a
chemical bond is created that results in the excellent properties. Stratasys offers a few
forms of ABS called ABS-M30 and ABSplus. Both materials are available for the 900
series printer that can be seen in Figure 13.

Figure 13 Stratasys ABS (3D Printer Materials & Filament , n.d.)

ABS-M30 is stronger than traditional ABS and is used primarily for modeling and rapid
prototyping. ABS-M30 can provide a better layer bond than traditional ABS. The tensile
strength for ABS is 31MPa in the XZ axis and 26Mpa in the ZX axis. ABSplus is another
form of ABS offered by Stratasys and is readily available in nine different colors. While
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ABS provides some very effective properties for low costs, there are some tradeoffs.
ABS is extremely hazardous when burned and is not safe around the food industry due its
toxic nature (3D Printer Materials & Filament , n.d.).
2.2.2.3 PC
Polycarbonate (PC) is another material available to use with the Stratasys 900 series
printers. PC is naturally transparent but when used for FDM, it is finished in white. PC
has good heat resistance capabilities and can be good a fire retardant when paired with an
additional coating. PC is classified as a thermoplastic due its reaction to heat. One of the
main advantages with PC is its ability to be heated and cooled without degradation
(Rogers, 2015).

Figure 14 Stratasys PC (3D Printer Materials & Filament , n.d.)

The primary use of PC in FDM can be seen in the automotive, aerospace, and medical
industry. PC for FDM has a tensile strength of 40Mpa in the XZ direction and 30 Mpa in
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the ZX direction (3D Printer Materials & Filament , n.d.) (About Nylon (FDM 3D
printing), n.d.). A sample Stratasys PC part can be seen in Figure 14.
2.2.2.4 Nylon
Nylon is an extremely versatile material with good strength properties and flexibility.
The main need for Nylon in AM is the ability to rapidly prototype flexible parts while
reducing the weight and emissions. The main use of Nylon with FDM is for parts that
require flexibility. Nylon also provides a good UV resistance. Some problems that exist
when printing with Nylon is jams in print heads and the support structure being very
difficult to remove (About Nylon (FDM 3D printing), n.d.). Often soluble support is
required and can often lead to long post processing times and the material absorbing
much of the soluble solution. Stratasys offers a few forms of Nylon known as Nylon 6
and Nylon 12 which can be seen in Figure 15.
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Figure 15: Stratasys Nylon 6 (3D Printer Materials & Filament , n.d.)

Nylon 6 is a high strength FDM material used with the Stratasys 900 series
printers (3D Printer Materials & Filament , n.d.). Nylon 6 also has good stiffness
properties and impact resistance. With a tensile strength of 29.3 Mpa in the ZX direction
and 28/9 Mpa in the ZX direction, nylon 6 makes for a great FDM material with minor
downsides. With the lack of rigidity and long support removal times, this material was
not the best choice for the application.
Nylon 12 is another form of Nylon offered by Stratasys that is available to use in
the 900 series printers and can be seen in Figure 16. Nylon 12 also combines high
strength and flexibility and offers good fatigue properties. Nylon 12 makes for a good
material choice for snap fit and press fit inserts or components that might experiences a
large amount of vibration. Unlike Nylon 6, Nylon 12 has slightly lower tensile strength at
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32 Mpa in the XZ direction and 28 Mpa ion the ZX direction (3D Printer Materials &
Filament , n.d.).

Figure 16: Stratasys Nylon 12 (3D Printer Materials & Filament , n.d.)

2.2.2.5 ULTEM
The last notable material considered for this test was polyetherimide (PEI).
Polyetherimide is an extremely popular material among FDM. Offered by Stratasys in a
few variations (ULTEM 9085, 9085 CG, and 1010), PEI is an advanced thermoplastic
with very good thermal, electrical, and mechanical properties. Traditionally, PEI has been
used for injection molding, thermostat housings and many components found in the auto
industry. PEI has also made a large impact in the medical industry. PEI has been
manufactured to create sterilization trays, surgical probes, and many other medical
components (Zuanetti, 2013). Figure 17 represents a thin wall air system designed and
produced by Stratasys using ULTEM 9085.
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Figure 17: Stratasys ULTEM (3D Printer Materials & Filament , n.d.)

Stratasys ULTEM 9085 is a high temperature resin with excellent material
properties. ULTEM is offered in 3 varieties, including ULTEM 9085, ULTEM 9085 CG,
and ULTEM 1010. Both 900 and 450 series Stratasys printers can print ULTEM 9085
and 1010, while only the 900 series can print UTLEM 9085 CG. ULTEM 9085 has a
tensile strength of 47 Mpa in the XZ direction and 33 Mpa in the ZX direction (3D
Printer Materials & Filament , n.d.). A Stratasys thin wall print can be seen in Figure 17.
In addition to ULTEM 9085, Stratasys also offers ULTEM 1010. UTLEM 1010 is
a resin based FDM material much like ULTEM 9085 with excellent material properties.
ULTEM 1010 has good tensile properties at 64 Mpa in the XZ direction and 42 Mpa in
the ZX direction. ULTEM 1010 also has excellent chemical and thermal resistance
properties (3D Printer Materials & Filament , n.d.). ULTEM 1010 and the rest of the
polyetherimide family offers excellent flame-retardant with high thermal stability making
it the adequate choice of material for this experiment (Wu, et al., 2018).
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Figure 18 ULTEM 9085 CG (3D Printer Materials & Filament , n.d.)

The final selection of polyetherimide offered by Stratasys is ULTEM 9085 CG.
Figure 18 shows a Stratasys printed FDM ULTEM 9085 thin wall component. This is
similar to ULTEM 9085 but has increased tensile properties. The CG stands for certified
grade and it can be printed with the high-performance package upgrade only on the 900
series printers. The certified grade results in an extensive process control and allows for
optimal part characteristics (Wu, et al., 2018). Some of the advantages of ULTEM 9085
CG are due in part to its high heat deflection, high strength to weight ratio, repeatability,
and lot traceability. These factors also made it the ideal choice due the requirements of
the commercial components. ULTEM offers high heat deflection and is one of its greatest
strengths. With a heat deflection of 307 degrees Fahrenheit, ULTEM can stand up to high
temperatures. In addition to its ability to stand up to high temperatures, CG also has
improved material properties. With a 39% increase in tensile strength, CG makes for the
ultimate FDM material (3D Printer Materials & Filament , n.d.). With lot traceability, CG
was the material chosen for the pressure test.
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In addition to the lot traceability, another reason to use ULTEM 9085 CG was
machine and process requirements before starting a print. Before printing with ULTEM
9085 CG, the material must sit in a drying oven. This is to ensure any moisture in spool
to disappear by the time the material is loaded in the printer. In addition to drying the
material, when printing CG the 900 series printers had to be setup with the highperformance package (HPP). The HPP requires the printer’s oven chamber temperature,
nozzle temperatures, as well as build tube humidity to be verified prior to printing. Due
the material being certified and lot traceable, the process to start the print must also be
traceable. In addition to the added process, the filament is certified because it is held to a
higher tolerance and uses a different tip to extrude.
When choosing a material for FDM, the primary concern for its application was
its ability to hold pressure. There was a list of requirements that the material had to meet
after holding pressure. In addition to holding pressure, it also needed to withstand high
temperatures, be flame retardant, and be lot traceable and repeatable. Due to these
requirements, ULTEM 9085 CG was the material of choice and a sample part can be seen
in Figure 19.
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Figure 19 ULTEM 9085 CG Print (3D Printer Materials & Filament , n.d.)

2.3 Literature Review
Fused Deposition Modeling (FDM) is one of the most used processes in additive
manufacturing. The technology has created a market due to its ability to rapid prototype
and mass manufacture components. The process can model and replicate a slice file very
accurately as the tool head will move in the x and y direction while the build plate will
lower in the z direction. A tool path is created that signals the tool head to move in a
certain orientation. There are many methods to maximizing the fill pattern on each layer
and this can be achieved with rasters and contours. Layer parameters can be seen in
Figure 20 Error! Reference source not found. (Bagsik, 2011).
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Figure 20 Tool Path Layer Break down (Bagsik, 2011)

Polyetherimide (PEI) also known as ULTEM 9085 is polymer material with excellent
mechanical properties (Bagsik, 2011). It is less dense when compared to traditional FDM
materials and has excellent flame, smoke and toxicity properties. Tests were conducted
with different ULTEM samples per ASTM D638 at an ambient temperature of 23 degrees
Celsius. The specimens were printed in different x, y, and z orientations with one contour
and inner remaining raster (Fischer & Schoppner). The parameter was set to a preset
raster angle of 45 degrees.

Figure 21 FDM Specimens

The different tensile tests performed were to look at the different strength and strain
characteristic at each orientation and can be seen in Figure 21. It was proven that
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specimens printed in the X direction resulted in the best strength and elongation prior to
failing. It can also be noted that specimens printed in the y direction accomplished lower
strength values and ultimately specimens printed in the z direction had the lowest tensile
strength. It was also concluded from the tensile testing that, parameters varied in their
orientation due to the changing raster and tool pattern hence, effecting the mechanical
properties (Bagsik, 2011).
An area that has many unanswered questions when working with FDM is surface
finish. The quality of part is very dependent on the angle and tool path parameters. Poor
surface finish can lead to an open pore and allow air or light to leak through. Similar to
the mechanical properties, the build direction can directly impact the surface finish
(Bagsik, 2011). The surface quality can be determined using a contact profilometer. By
obtaining the 2-dimensional profile, characteristics can be determined (Fischer &
Schoppner). Fischer and Shopper explored a few surface treating methods.

Figure 22 Surface Treating Methods (Fischer & Schoppner)

All the different media were experimented with DSF 6/6 being very abrasive down to
DM 6/6 being medium abrasive as seen in Figure 22Error! Reference source not
found.. A 120-minute finishing process was performed resulting in ZSS 3/5 with the least
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reduction in surface roughness. DZS 6/6, DS 6/6, and DM 6/6 showed an identical
reduction in surface roughness (Fischer & Schoppner). These results were performed for
a sample printed at 90 degrees.

Figure 23: 90 degree build angle (Fischer & Schoppner)

The conclusion made from this experiment that the frit used does affect the surface
roughness and can result in more than 50% reduction in roughness. The use of grinding
offers an improved surface finish in FDM printed parts. The best results were obtained
from a triangular shape and same side length and can be seen in Figure 23. Another
conclusion was made that an increase in finishing times did result in a decrease in surface
roughness (Fischer & Schoppner).
Another group of parameters that were investigated were rasters, contours and air
gaps. The flexural properties of ULTEM were established based on a series of tests.
Gebisa et al. conducted a study to see how all the different tool path parameters effected
the properties of ULTEM. ULTEM 9085 was the filament of choice due to its high flame
retardance and advertised material properties. It is believed that the mechanical properties
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produced are dependent on the tool path parameters (Gebisa & Lemu, 2018). A few
factors that are investigated are air gaps, raster width, raster angle, contour umber, and
contour width as seem in Figure 23Error! Reference source not found..

Figure 24 Tool Path Overview

Air gaps are the distances between the rasters as seen in Figure 24Error! Reference
source not found.. The raster width is denoted as the bead width for the material. The
raster angle is known as the angle the tool path travels to lay down a bead to create a
raster. The contour numbers are the number of times the print head travels around to
outline the layer.
The experiment was designed to investigate the process parameters on flexural
properties of ULTEM 9085. An INSTRON 5985 machine was used to conduct the load
testing. The test was done by placing a specimen in between two supports and applying a
load. The air gap worsened the flexural properties of ULTEM (Gebisa & Lemu, 2018).
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Figure 25 Effects of Process Parameters

The negative did appear to improve the overall flexural properties of ULTEM. By
strengthening the adhesion between the beads, a tighter bond was created. However, the
results with negative air gaps lead to a very poor surface quality (Gebisa & Lemu, 2018).
The negative air gaps created a smaller separation in between the beads causing the
surface finish to suffer which can be seen in Figure 25.
The next process parameters observed was the raster width. The change in raster
width had drastic changes in the flexural properties of ULTEM 9085 (Gebisa & Lemu,
2018).
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Figure 26 Flexural Strength vs Run #

The higher bead width resulted in better properties. This can be a result due to the thicker
raster being produced. The thicker bead width also leads to minimal distortion which can
strengthened the part. In result, lead to a higher load resistivity (Gebisa & Lemu, 2018).
Another major parameter considered was the raster angle. This is the angle in
which the tool head moves to lay the bead or raster down. 0 degrees and 90 degrees were
compared and the raster angle at 0 degrees had to deposit long lines of filament. The 90degree angle had lines deposited perpendicular to the raster creating weaker properties
(Gebisa & Lemu, 2018). Another conclusion that was made to 0-degree angle performed
better than a 90-degree angle which was due to the dense parallel beads and the
incomplete perpendicular beads.
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Figure 27 0-degree vs 90-degree Raster Angle (Gebisa & Lemu, 2018)

2.4 Pressurized Systems
This section will discuss the system that was created to perform the test. A few
different pressure tests were considered before one was identified and a full outline of the
system and program that was created to perform these tests. Creating a pressure system
was crucial to a successful experiment due to the lack of cost friendly readily available
testing systems on the market.
2.3.1 Introduction
The main concern as previously stated was an FDM print’s ability to hold pressure.
Due to the layer by layer addition, FDM often results in a very porous finish that allows
air to leak through. The amount of air that could leak through is entirely dependent on;
the printer, material, model, and print parameters. The best method for sealing an FDM
print is to add an additional coating or sealant over the print. This will fill the pores and
allow for the part to hold pressure. While in theory, this may sound feasible, there are
many problems that exist with this technique. Often, adding an additional step to post
processing slows down production and increases costs. This was one of the largest
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contributories for determining a way to better print FDM parts that did not require a
coating. A coating used for sealing can be seen in Figure 28.

Figure 28 FDM Sealing Techniques (How to Prepare a 3D Printed Composite Tool for Use, 2017)

2.3.2 Pressure Models
There were a handful of non-destructive methods that could be used to test for
pressure and identify leak rates. Some of these tests include, hydrostatic testing,
pneumatic testing, vacuum testing and finally helium leak detection. Every test created
new opportunities and challenges, so it was crucial to determine a test that could yield the
best results. A few testing methods were chosen as candidates for this experiment such as
hydrostatic, pneumatic, and vacuum pressure testing.
2.3.2.1 Hydrostatic Pressure Testing
Hydrostatic pressure testing is often considered a safer alternative to pneumatic
pressure testing and is the most widely used in practice. It works by utilizing a liquid.
This liquid is filled in the vessel and the vessel is then pressurized (Pressure Testing ,
2019). The pressure is then raised inside the vessel until the required amount of pressure
is reached as seen in Figure 29.

34

Figure 29 Hydrostatic Pressure Test

While this method proved to be very safe and effective, it was more targeted towards
large pressure vessels. The scope of this assignment was more geared towards small
coupons making this test not the best fit for the required application.
2.3.2.2 Pneumatic Pressure Testing
Another way to check for pressure is by using a method known as a pneumatic
pressure test. This test is a little different than the hydrostatic pressure test and uses air or
bottled nitrogen (Pressure Testing , 2019). Air is compressed into a pressure vessel and
then the test is performed. This test can be extremely dangerous when dealing with high
pressures.
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Figure 30 Pneumatic Pressure Test

The required test is dealing with extremely low pressures so the pneumatic test using air
would make for a great test. The target pressure for the application is 1.2 psi and the
tested pressure will be 1.5 psi to ensure the material can perform a little better than the
target. Given these parameters, the pneumatic pressure test will make for a better testing
method than the hydrostatic pressure test. An example setup can be seen in Figure 30.
2.3.2.3 Vacuum Pressure Test
Another method of pressure testing that was considered was the vacuum pressure
test. Vacuum testing is an effective way to quickly identify leaks in a system or
components (Pressure Testing , 2019). This test works by a system or component getting
wrapped in a vacuum (Pressure Testing , 2019). Once the vacuum is applied and the
system is fully operational a leak is detected if the trapped vacuum rises towards
atmospheric pressure (Pressure Testing , 2019).
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Figure 31 Vacuum Pressure Test (Vacuum Chamber for Testing Pressure and Altitude Related Devices,
n.d.)

This method of leak detection is generally used by a large-scale manufacturer (Pressure
Testing , 2019). Some of the downfalls to this method is the difficulty to pin point a
concentrated leak location. The proposed test samples will have a small area exposed to
atmosphere to perform the leak check. Due to the concentrated area, it would be difficult
to determine where the leak is coming from making it not the best method for this
application and can be seen in Figure 31.
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3.Methods
3.1 Samples
3.1.1 Introduction
As stated previously, the main concern that was researched was the ability for a
printed FDM component to hold pressure without the need for a coating. The current
method requires a coating such as painted a glaze to be added on top of the printed FDM
components. The target was to create samples that could be tested on a small scale. The
Stratasys F900 series printers were the printer of choice due to a large print bed.

Figure 32 Stratasys F900 (Stratasys F900, n.d.)
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3.1.2 Stratasys F900
The Stratasys F900 previously known as the 900mc is a full-scale production
ready FDM printer (STRATASYS F900, 2019). The build size is 36x224x36in and
boasts an independent model and support tip head. The 900 series printers can print a
wide range of materials mentioned in section 2.2.2. The new Stratasys F900 can also
print to an accuracy of plus or minus 0.0035in or plus or minus 0.
0015in per in of printed part (STRATASYS F900, 2019).

Figure 33 Stratasys 900 Series Print (Maxey, 2015)

The large build platform paired with the vacuum chamber, made the Stratasys 900
series printers the ideal choice for a printer and can be seen in Figure 33. While the
samples designed for testing are very small, by having a large print space, a greater
quantity of samples can be printed at once which reduces time to change material, inspect
the printer in between prints, and load another job.
3.1.3 Test Coupons
After some time and careful consideration, ULTEM 9085 CG was the material
chosen to investigate the FDM pressure problem. With its excellent material properties
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which can be seen in 0 as well as its flame-retardant ability, ULTEM 9085 CG made for
the ideal material choice. Give the time it would take to print a large-scale print; the
proposed test coupons were to be printed in a 3x3in square and would be setup with a
pressure chamber and data logger to perform a pressure decay test. The samples were
created to represent a different wall thickness and angles which were going to be pressure
tested to determine a leak rate. This was done as a simple yet efficient way to create and
test samples that could be printed and tested quickly. The goal was to be able to scale the
results found in the tested samples and compare them to the some of the leak rates
identified in the FDM parts that could not hold pressure without a coating.

3x3in

Figure 34: Solid Model for Test Coupon

3.2 Design of Experiments
3.2.1 Introduction
A design of experiments (DOE) is a method to determine relationships between
factors (Sundararajan, n.d.). A DOE operates by assigning parameters that result in
measurable data (Sundararajan, n.d.). The measurable data can then be used to correlate
results and gather conclusions. When conducting a DOE there are a few concepts that are
40

to be considered. Controllable factors or independent variables are the parameters that
will be changed and controlled. For the pressure test performed, the thickness and angles
were all parameters that were changed. The uncontrollable factors or dependent variables.
These are the parameters that remain the same. Finally, the results obtained from the
DOE can be considered the responses or the output measures. The dependent variable or
uncontrollably factors for the DOE, were the parameters automatically set in the slice
software.

Figure 35 DOE Process Flow

3.2.2 DOE Models
3.2.2.1 One Factor DOE
There are a few models that exist when deciding on the proper DOE for the
desired experiment. A basic DOE can consist of a one factor experiment (Sundararajan,
n.d.). This is done by creating a parameter set and keeping to 1 changeable variable. The
model for a one factor DOE can be represented by Equation 1 One Factor DOE.
Equation 1 One Factor DOE

𝑛𝑠 2 𝑌
𝐹=

𝑠𝑝2
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The 𝑛 represents the sample size found in the DOE (Sundararajan, n.d.). The 𝑠 2 𝑌𝑏𝑎𝑟
represents the variance of the means. This can be found by simply dividing the sum of the
variances by the degrees of freedom (DOF) (Sundararajan, n.d.). Finally, the 𝑠𝑝2 can be
identified as the average of the variances.

3.2.2.2 Two Factor DOE
The two-level factorial design or DOE is a very simple and powerful way to
analyze data. The primary difference between the two is the factors vary at two levels
(Sundararajan, n.d.). The size of the experiment can be much smaller and the differences
between factors can be identified throughout the experiment (Sundararajan, n.d.).

Figure 36 Two Level Factorial Design

3.2.3 DOE Setup
Once the parameters for the experiment were identified a DOE was setup. The
goal was to create an experiment that could test five different angles at three different
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thicknesses while keeping most of the parameters found in insight standard. The raster
was set to be one and depending on how these samples performed in the pressure system,
the raster would be increased to two while keeping the rest of the test the same. All the
samples would be weighed prior to testing to further correlate the weight to the leak rates
as well.
The test matric represents the DOE for this base round of testing. This DOE was
created using Minitab. Minitab is a statistical analysis software. The goal was to create a
DOE that could output parameters to test. By setting up an experiment that had changing
thicknesses and angles a total of 45 tests to perform were outputted. Once the testing is
complete, and the leak rates are calculated, the data will then be used to identify which
samples had a passing or failing leak rate. After the respective results were solved, the
data was set to be used to create confidence intervals for each sample tested.

3.3 Design Standards
3.3.1 Introduction
To create and test this experiment, the material used was ULTEM 9085 CG. The
reasoning can be seen in the materials section. The Printer used for this experiment was
the Fortus 900 series printers due to the large build volume. To create builds for the
Fortus, two different software packages can be utilized; the first being Insight/Control
center and the second being Grab CAD. Both GrabCad and Insight are Stratasys software
that allow for control a wide range of parameters.
3.3.2 Slice Parameters/Setup
The slice software used to create the test samples was Stratasys’s Insight and
Control center. While GrabCad was also available, Insight offered more controllable
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parameters that would help allow to better identify leak rates. There are many parameters
that exist in Insight, but only a few were adjusted. This is due to the complexity and
importance of each parameter. Without fully monitoring each parameter in its own test, it
would be impossible to identify which samples are leak if a string of parameters were
changed at the same time.

Figure 37 Insight Main Screen

Once insight is open, the files are imported with an STL and should appear as
shown in Figure 37 Insight Main Screen. Insight is a powerful slice software that has
many features at different levels. To slice a part quickly and get a print started the green
flag option can be selected and is found on the top left side of the screen. When using
Insight is the mouse is hovered over the desired operation, the software will identify its
function. To change the printer, the modeler configurator can be clicked on the right-hand
side as seen below in Figure 38 Insight Modeler Configuration.
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Figure 38 Insight Modeler Configuration

Once under the model configurator, all the adjustment necessary to pick the
printer and material can be done. This is extremely important and can’t be overlooked
when creating a slice file as once the file is prepped and sent to Control Center, it will not
print on the desired printer if the modeler type does not match up.
The file can be prepped to slice by adjusting the model in the proper orientation.
The slice method used to slice the STL was the standard method. This can be seen below
Figure 39 Insight Slice Setup. The slice adjust portion was not used and the goal was to
create the most leak proof part without changing many parameters.
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Figure 39 Insight Slice Setup

Once the file was sliced it the next operation was to create support and a toolpath.
The support will allow for the part to print on a raft. This will help with the model curling
or warping during print. The setup menu can be seen under the support tab and options.
The support style was set to sparse and the self-supporting angle was set to the default of
43. The parameters were left to default for the 0-degree printed coupons. The parameters
vary slightly as more support is needed to generate and can be found in the appendix.
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Figure 40 Insight Support Generation

Once the support is generated the toolpath can be created. It is important to note
that the tool path will be deleted if created before support. The parameters can be stored
but it will need to be created. The standard parameter tool path can be created by going to
the setup menu under tool path. As mentioned previously, the thickness of the samples
and the angles at which they were printed on were adjusted. The remaining portions were
left constant to a baseline of parameters which included one contour to raster ratio. There
were a few parameters considered that had the potential to greatly change the outcome of
the test.
When creating a build file using the Fortus 900 or 450 series printers, it is
important to setup the file with the correct parameters. Due to the nature of FDM, the
material is not fully melted when extruded (Institute, 2019). This can cause a porous
finish and often leave air gaps and pockets in the finished print (Institute, 2019). The
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print head operates by outlining the target geometry and creating a trace around it
(Institute, 2019). This process is called a contour. Once base extrusion has been applied
the print head then goes back and forth to finishing applying the layer in a process known
as a raster.
Raster Angle
Raster Width

Contour
Width
Slice Height
Air Gap
Figure 41 Tool Path (Institute, 2019)

There are a wide range of options available when deciding the tool path to use.
With Insight, the tool path can be created with; hexagonal pattern, saw tooth pattern,
sparse, solid, contour only, and many more. This allows for full control of the print. For
this experiment the custom tool paths were not used as the more parameters change, the
more tests will need performed.

Figure 42 Custom Tool Path (Institute, 2019)

One contour was used, and the remaining geometry was filled in with sparse filled
rasters. In addition to keeping the contours at one, they were linked, this allows for the
tool head to print continuously without having to let off. This helps when looking for
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consistency and the time it takes to print. Every material has its own recommended model
and support tip. For ULTEM 9085 CG a T16A model and T16 support tip are to be used.
This is due to the small slice heights.
Table 1 Tip and Slice Height (Institute, 2019)

Table 42. Tip size and dimensions
Tip Size

Slice height (in)

Slice height (mm)

T12

0.007

0.178

T14

0.010

0.254

T16

0.010

0.254

T20

0.013

0.330

As stated before the FDM prints can leak due to the porous surface finish
(Institute, 2019). In theory, more contours should lead to better sealing but without
quantified results, it is just a theory. Raster exposure and leaks in FDM prints is mostly
present in thin wall structures (Institute, 2019). Using the DOE matrix, the goal is to
reduce the leak rates at different angles.
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Figure 43 Raster Exposure (Institute, 2019)

Another option that can has the potential to improve the sealing is the air gap. An
air gap is the distance between two contours on a layer, two rasters on a layer, or the
contour to raster on a layer. It is important to note that drastically changing these
parameters can cause machine pauses and build crashes (Institute, 2019). These
parameters were left standard for this DOE as changing these would result in a wide
number of variables and tests.
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Figure 44 Excessive Air Gap parameters (Institute, 2019)

The minimum thickness that can be achieved when printing is 0.040” wall
thickness. The nozzle and tip can extrude at 0.010” and the smallest bead width put down
is 0.020”. Due to the desired production prints minimizing the build volume to 0.040”
was not a feasible option without a lot of support material and stabilizer walls (Institute,
2019). While this would have resulted in a thinner wall print, it would have increased
print time, material usage and weakened the printed FDM part (Institute, 2019). For the
test coupons, a few thicknesses were identified. 0.060”, 0.080” and 0.100” were used to
create the DOE. This was done to see if a certain thickness was having trouble holding
pressure, and how the next thickness at that angle would perform.
Another area that can drastically improve the print is alignment of the seams.
Most of the problems were caused by thin wall hollow structures that couldn’t hole
pressure. By aligning the seams at each layer, the tool head will start and stop at the exact
same position allowing for a better sealed print. This will also allow for a cleaner look of
the finished FDM part.
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Figure 45 Seam Alignment

The coupons used for the DOE were 3”x3” and a 2” diameter was exposed to the
leak check. The seams were aligned for consistency, but the changes are very minimal.
The seam alignment is for large structures as it allows for a single starting and stopping
point at each layer.
An additional parameter that was used and was kept constant throughout the DOE
was the remnant fill feature. Remnant fil allows for the slice software to automatically
adjust the bead with to provide a better seal (Institute, 2019).

STANDARD

REMNANT FILL

Figure 46 Remnant Fill (Institute, 2019)

As shown in Figure 46 Remnant the software will automatically adjust the bead width
allowing for a better fill of material (Institute, 2019). Remnant fill was utilized with the
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coupons and was held as a standard for the DOE. This allowed for the best attempt to
identify the leak rates for each coupon.
Something else that was considered was how to tool path lays its rasters on each
layer. There are a couple options that exist, rasters at a desired angle or parallel offset.
For the DOE, parallel offset was chosen as it is the closest representation to the thin wall
structures that were having leaking problems.

Figure 47 Standard vs Parallel Offset Toolpath (Institute, 2019)

Parallel offset was chosen in part due to the layers being printed on top of one another.
Figure 47 Standard vs Parallel Offset Toolpath shows a model of the tool path and layers
on each section in a three-dimensional view. On the left a standard tool path will extrude
material back and forth and will switch its angle based on the set parameters (default to
45 or 90 degrees) and perform the same operation on the next layer at the desired angle.
Generally, it is noticed that having standard rasters leads to better strength in the part
while offset rasters leads to better sealing based on prior experience. This can be due to
the nature of the offset raster. By laying on top of one another at a slight offset the
material is being sealed each layer compared to a standard path. Depending on the
application of the print, picking the correct option is key to a successful print. Since the
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DOE was interested in sealing, offset rasters were used. All the original samples tested
used the same parameter set while varying the thickness and angles.
The next factor that was also addressed was support material. There were five
different angles that were printed; 0 degrees, 30 degrees, 45 degrees, 60 degrees and 90
degrees. These were done at three different thicknesses for a total of 45 samples. For
coupons printed at 0 degrees required no support other than a base raft. The raft was used
as standard when possible to help the print from peeling off the build plate. In addition to
the raft, any prints at an angle were also supported by either support material or a
stabilizer wall. Support material is extruded from print head two and is used to aid the
print. When using support material, it can lead to a very porous finish on the side that is
contact with the support.

Figure 48 0.060" Coupon 30 degrees

Figure 48 0.060" Coupon 30 degrees shows the coupon in red and the support
material underneath it. It can be observed the full underside of the 30-degree print is
supported due to the extreme print angle. A good rule of thumb when determining if
support material is necessary is the rule of 45 degrees. An addition to that due to the
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printing of thin wall structures even at a 45-degree angle in which most prints would be
self-supported, a stabilizer wall is necessary. Figure 49 0.060" Coupon 45 degrees shows
a coupon printed at 45 degrees. It is can observed that other than a raft at the bottom of
the build plate there is no support material necessary.

Figure 49 0.060" Coupon 45 degrees

Unfortunately, if this coupon were to be printed without those walls, the printer will fail
without warning and the build will not be usable. A stabilizer wall was used to support
the print instead of support material. Stabilizer walls are model material that are printed
to help support the print. Since the model tool head does not need to switch between
support and model material, this is a quick option to supporting a part. Some downsides
that can exist is the cost of the print goes up. Since only model is being used, depending
on the price of the material, the overall cost to print can increase. The stabilizer walls
operate by adhering to a certain layer based on the contact gap chosen under options
(Institute, 2019). This can be done every few layers to help support the part.
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Figure 50 Stabilize Wall Parameters

This feature was not used for every single angle but only the angles that required
additional supporting. A penetration of -0.0050 was chosen as this will produce parts
with a visibly smoother surface (Institute, 2019). Another area stabilizer walls can aid in
the print is their ability to work as a heat shield (Institute, 2019). The 900 series printers
have a heated oven with the heat going from left to right. By placing stabilizer walls
around the part, this can one help with support and two aid as a heat shield. Often thin
wall structures get deformed during print due to their nature and a heat shield is a great
alternative to addressing the problem (Institute, 2019). Images of all the builds and their
respective parameters can be seen in the appendix
The build layout can be seen in Figure 51 Build Layout. The chamber of the
Fortus 900 is heated oven with the heat going from left to right. All the coupons below
have a number which was later market on the printed part to ensure consistency. Every
sample had 3 coupons printed and tested for repeatability and for the statistical DOE.
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Starting at number one and ascending is the 0.060” coupons printed at 0 degrees working
up to 0.100” printed at 90 degrees.

Figure 51 Build Layout

The samples can be denoted as 1, 3 and 4 for 0.060” printed at 0 degrees. 6, 8, and
9 are for 0.060” printed at 30 degrees. 11, 13 and 14 are for 0.060” printed at 45 degrees.
16, 18, 19, 21, 23, and finally 24 are for 0.060” for 60 and 90 degrees respectively. Every
three samples identified at the next proceeding test sample (0.080” 0-90 degrees followed
by 0.100” 0-90 degrees respectively). Figure 51 Build Layout also has a number
identified as 103. This is a known as the purge tower.

3.4 Pressure Chamber Setup
3.4.1 Introduction
A pressure decay test setup was identified for this DOE. There were a few options
available, but due to time and high costs, a pressure decay system seemed to be the
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optimal test choice. The setup was designed to be simple but effective. Since the FDM
parts in consideration were having trouble holding pressures around 1 psi, the goal was to
create a system that would start at a pressure of 1.5 psi. The test would log for
approximately 1 hr. and record a data point every second. This would allow for an
optimal amount of data points that would help calculate leak rates as well as some
statistical DOE information.
3.4.2 System
The system was built using PVC tubing. 6in off the shelf tubing was used. PVC
was the intended material for the pressure system as its inexpensive and can hold
pressures much greater than the test called for. PVC also known as polyvinyl chloride is a
lightweight high strength plastic.
Equation 2 Allowable Cylindrical Leak Rate

𝑓𝑡 3 /𝑚𝑖𝑛
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐴𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 𝐿𝑒𝑎𝑘𝑎𝑔𝑒 = 0.03 (
) × 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑖𝑛) × 𝐿𝑒𝑛𝑔𝑡ℎ (𝑓𝑡)
𝑖𝑛 𝑓𝑡
Equation 2 Allowable Cylindrical Leak Rate shows the allowable leak rate determined
for the thin wall FDM parts. This was determined for a cylindrical system that would
closely represent the parts that were failing. Since the samples were a 3”x3” square, the
pressure system itself was a cylinder that would hold pressure and have a section to insert
a sample. The size of PVC used for this test was a 6” in diameter. This was done to
maximize the volume that would be pressurized and keep the tests to an hour. If a smaller
diameter tube was used, the pressure chamber would have to make up for the volume in
length. Due to the size of the pipe being large, PVC D 3034 was the chosen for this test.
Generally, PVC can hold high pressures, but PVC D 3034 is not recommended for high
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pressure applications. Since the intended test and application was for ~1.5 psi, this was
not an issue and overall proved to be a very effective PVC for the test system.
Equation 3 Volume of Cylinder

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 = 𝜋𝑟2
Equation 3 Volume of Cylinder represents the equation used to determine the size
of the test chamber. The target test time was ~60 minutes with a 6” PVC pipe. The
calculated height was ~10” resulting in a cylinder volume of 282.74 inches cubed.
Equation 4 Max allowable leakage for non-cylinder FDM print (Institute, 2019)

𝑁𝑜𝑛 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 𝑙𝑒𝑎𝑘𝑔𝑒
𝑓𝑡 3 /𝑚𝑖𝑛
= 0.00080 (
) × 𝐼𝑛𝑛𝑒𝑟 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 (𝑖𝑛2 )
𝑖𝑛2
Equation 4 Max allowable leakage for non-cylinder FDM print was used to
determine the allowable leak rate of the pressure test and system. Atmospheric pressure is
noted as 14.7 psi (Illinois, 2010). Atmospheric pressure is considered the force per unit
area exerted against a surface by weight of the air above the surface (Illinois, 2010).
Atmospheric pressure can be portrayed as the number of air molecules exerted over a
surface (Illinois, 2010). The allowable leak rate using the equation above was calculating
to be 0.0025 ft^3/min.
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Figure 52 PVC Pipe

The pressure system was created with PVC seen in Figure 52 PVC Pipe. As stated
previously, a 10” length by 6” diameter pipe was used to maximize the volume of the
pressure system in a small space. The system was created using basic tools such as a drill,
Dremel tool, and hand tools. Purple PVC primer and cement was used to adhere the PVC
pipe to the end caps. This primer creates a strong chemical bond that joins the pipe and
end caps together.
Two end caps were used to create the system. This was to allow for a cylinder
with a volume of 282.74 cubic inches. One end cap had a simple rubber valve stem. This
was done to so the system could be pressurized. Once the valve stem was inserted it was
sealed using water proof caulking. While the stem had a built-in gasket, the caulking was
used to add an additional layer or sealing to ensure the system would be as leak proof as
possible. On the opposing side to the same end cap, a threaded pipe fitting was also
added. This was crucial to the experiment as it allowed for a standalone pressure logging
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system that will be later discussed. An SSI Technologies low pressure gauge was also
built into the system to have a second form of measurement. This was to calibrate the
data logger as well as provide a second form of measurement to ensure the pressure
inputted into the system was displayed and reading accurately.

Figure 53 SSI Pressure Gauge

The SSI Technologies gauge is a low-pressure gauge option that can read 0-5 psi
to a +/- 0.25% accuracy. The gauge as an MNPT connection end fitted to a 1/4in
connection. A splitter was used off the cap end to allow for two measurement systems to
display; one being the gauge and two being the pressure system. One end of the splitter
used the SSI pressure gauge and the other end housed a pressure transducer. The pressure
transducer was a low cost G1/4 sensor with a 0-5 voltage output. This sensor being a
different standard required an adapted to work with the MNPT splitter. This sensor was
low cost option to create a data logger.
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Figure 54 Coupon Sample Cap End

A Dremel tool was used to cut a hole in the other end cap. This was done a 2”
diameter and was going to be the end exposed to the test coupons. Once both ends were
created, the system was assembled and bonded together using PVC primer and cement.
The goal was to create a leak proof system. Once the system was done drying, an
additional level of caulking was applied to ensure the system would not leak. The target
leak rates in the system were calculated to be very small as seen before and having a
system that could accurately provide was important for the statistical portion of the DOE.
An Arduino based data logger was also created to log the readings from the
pressure system. This system was a stand-alone logger that could write the pressure
reading every second to an SD card. This was done due to the testing taking an hour per
coupon. A real time clock was programmed into the system to allow for the logger to
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track the time. As the system was pressurized, the logger would record a pressure drop to
an excel file. The files were later used to create a leak rates and a pressure decay plot in
MATLAB. The program for the data logger can be seen in the appendix.

Figure 55 Pressure System

Figure 55 Pressure System also uses two aluminum plates that wedge the
coupons. The system is assembled with; two plates that house the coupon, a gasket in
between the plate and the pressure system that helps with the sealing of the system.
Everything is tightened down with four bolts with even pressure with three to four
threads exposed. The back end of the system has the valve stem and the fitting that stems
into the pressure gage and the transducer which is connected to the data logger. The
entire system costs ~$300 USD and is an excellent low-cost solution to a stand-alone data
logging system. The bulk of the price however, comes from the pressure gauge. All the
materials and equipment used along with their respective prices can be seen in the
appendix.
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4. Results
4.1 Test Introduction
A total of 45 samples were tested and leak rates and pressure decay plots were
calculated and created.
Table 2 DOE Test Coupon Results
Thickness

0.06

0.08

0.1

OTS
ULTEM

Angle
0
30
45
60
90
0
30
45
60
90
0
30
45
60
90

Contours
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Weight (grams)
10.156 10.231 10.217
10.555 10.529 10.547
10.717 10.701 10.723
10.621 10.661 10.658
10.803
10.81 10.815
13.702 13.714 13.725
14.238
14.17 14.158
14.285 14.253
14.24
14.224 14.241 14.253
14.417 14.391
14.4
17.102 17.201 17.063
17.646 17.629 17.607
17.797 17.763 17.789
17.831 17.825 17.829
17.741 17.709 17.743

Leak Rate ft^3/min
4.737E-05 4.964E-05 5.137E-05
3.466E-01 3.133E-01 3.340E-02
4.574E-05 5.050E-05 4.760E-05
5.730E-05 4.457E-05 4.680E-05
1.736E-04 4.910E-05 5.360E-05
2.024E-04 5.370E-05 6.970E-05
9.020E-02 1.466E-01 1.666E-01
5.412E-05 5.302E-05 4.988E-05
4.693E-05 4.255E-05 5.765E-05
4.517E-05 4.826E-05 4.841E-05
6.105E-05 6.066E-05 6.695E-05
1.933E-01 1.733E-01 1.666E-01
4.862E-05 5.807E-05 4.619E-05
4.747E-05 4.918E-05 4.391E-05
4.628E-05 4.488E-05 4.648E-05

n/a

n/a

12.739

4.747E-05

12.738

12.739

5.054E-05

4.895E-05

Before discussing the leak rates, it should be noted that a MATLAB program was used to
read the excel data and create leak rates and pressure decay plots. The full program can
be found in the appendix. The program will reference the excel files and use them to
generate plots. The volume of the cylinder was denoted V_cyl and was used to determine
the volume at atmospheric pressure. The overall test had test coupons at a starting
pressure of 1.5 psi and went for a total of one hour or until they fully leaked. The
recorded pressure for the samples were between 1.4 and 1.2 psi. The required pressure to
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hold was 1.2 psi for the failing FDM parts, so the samples were pumped to 1.5 and data
was analyzed from 1.4 to 1.2 psi. This is an extremely low-pressure application and a
pressure decay system resulted in the best way to record and analyze data. The recorded
pressure was converted into atmospheric pressure and pressure decay plots and leak rates
were calculated. To determine the volume at atmospheric, atmospheric pressure was
added to the 1.4 psi and then divided by atmospheric pressure and multiplied by the
volume of the cylinder. This process was repeated for the low end of 1.2psi. It is
important to note that the target range was 1.4-1.2 psi. However, some coupons at certain
angles had such porous finishes, they could not hold enough pressure to record 1.4-1.2
psi. Once the change in volume at atmospheric pressure was determined it was divided by
the amount of the time that sample took to meet the range and a leak rate was calculated.
All the weights of the test coupons were also recorded to compare the data with the leak
rates. It is believed to be the heavier weights will lead to a better leak rate because more
material is being extruded. The angle of the coupon is also crucial to leak rate as
observed in Table 2.

4.1.1 Data Analysis
The first set of data to be discussed is the 0.060” printed samples at a 0-degree
angle. For each test, 3 identically printed samples were tested to show repeatability in the
results. The leak rates calculated using MATLAB were 0.00004737, 0.00004964, and
0.00005137 ft^/min respectively. The results seen are far superior to the allowable 0.0025
ft^3/min. The results align with the angle that was printed. At 0 degrees the print head
and tool path are traveling in one motion flat on the built plate without any support
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material. The only supporting material is a raft in between the build plate and the part to
keep the coupon from warping. The printer oven is heated and can create warpage when
raft is not used. The printer was also set to THINWALL model which reduces the overall
temperature during printing to help fight the warping of the print.
4.1.1.1 0.060” Thickness 0 Degree Print Orientation

Figure 56 0.060" Pressure Decay Plot 0 Degrees

Figure 56 0.060" Pressure Decay Plot 0 Degrees shows the trends between the
three samples tested at 0 degree and 0.060” The results are very close and between the
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leak rates as well as the weight of the part. The remaining samples tested at 0.060” all
performed very well except for the 30-degree coupon.

Figure 57 0.060" 0 Degree Coupon 3 5X Magnified

Shown above is an image looking at the top layer front and back of coupon 3. This is to
add to the leak rate calculated from the pressure decay test. The portion on the left
represents the side printed on top and the portion on the right represents the side facing
the build plate. The side on top never came in contact with a raft or support material and
provided a very smooth finish with very little observed imperfections. The image on the
right shows some cracks and indentations left from the support material acting as a raft.
Overall, these coupons as well as the coupon set for 45, 60, and 90 degree yielded similar
results that can be found in the appendix.
4.1.1.2 0.060” Thickness 30 Degree Print Orientation

Figure 58 0.060" 30 Degree Coupon 9 5X Magnified
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Figure 58 0.060" 30 Degree Coupon 9 5X Magnified shows the first layer on top and
bottom of the 30 degree 0.060” coupon. Compared to the 0 degree, the 30-degree sample
has more voids in between each layer extruded. The black bar on the bottom left hand
side of each image represents a 0.5mm distance. The 30-degree samples had a little over
1 full pass while leaving a gap in between; this can be seen on the right-hand side image.
The gap in between can be explained by the aggressive angle printed. At 30 degrees the
full bottom side of the coupon required support. The extruder already required a long
distance in between each pass and with the requirement of support will now add a very
rough surface finish to the bottom side of the sample. This results in the poor leak rate as
air is escaping through the geometry.

Figure 59 30-degree Soap Water Check

A soap water leak check was also performed on samples to visualize the leak through the
material. The leak rates are very small in comparison and can often be hard to visualize
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without a leak check. As seen in Figure 59 30-degree Soap Water Check the poor surface
finish at a 30-degree angle results in a very high leak exposure causing bubbling during
the soapy water leak check.

Figure 60 Coupon 9 Cross Section Image

Figure 60 Coupon 9 Cross Section Image shows the cross-sectional image for a 30degree sample at 0.060”. Large pockets and gaps exist in between the layers resulting in
the high leak rate. The layers did not bond well creating areas for the air to escape. A
similar test was also performed at 90 degrees with much different results. The full build
setup can be found in the appendix. Since the 90 degrees was printed vertically with build
support, material was added in contours. This allowed for little raster exposure. This
allowed for a very uniform distribution which resulted in little air gaps a seal around the
coupon. This can be seen in Figure 61 Coupon 54 Cross Section View.
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Figure 61 Coupon 54 Cross Section View

The next batch of coupons tested were 0.080”. The trends seen in this data set
were very similar to the results seen in 0.060”. The respective leak rates for each sample
at 0 degrees were 0.0002024, 0.0000537, and 0.0000697. As the thickness increased the
leak rates for the first sample got worse at 0 degrees. To be exact, the first 0-degree
sample had a 124.138% difference. However, a different trend also appeared with the
second and third coupon. The leak rates appear to improve with the thickness. The second
and third coupon had an improved difference of 7.858% and 30.280% respectively. The
percent difference was calculated using Equation 5 Percent Difference.
Equation 5 Percent Difference

𝑎𝑏𝑠(𝑉1 − 𝑉2 )
∗ 100
(𝑉1 + 𝑉2 )
2
This was done to compare the values calculated with MATLAB. It was excepted
that the leak rate would improve as the coupons became thicker. However, the first
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sample seemed to lose pressure quicker than the other two. There are a few scenarios that
can explain this phenomenon. The system has a few components that ensure it’s fully
sealed before testing a coupon. A rubber gasket was used in between the sample and the
chamber that could have become loose overtime. A silicone-based polymer similarly
known as silly putty was also used to seal the coupon in between the aluminum plates.
Due to the porous nature of the coupons, air can leak easily through the rasters. By using
the silly putty, it acts as an additional form of sealing of the outside edges of the coupon.
There is a possibility that the silly putty had an air pocket or bubble causing it to leak
through. Another potential cause for the leak rate could be a raster pattern that was
moved or broken during the testing.
4.1.1.3 0.080” Thickness Analysis
As seen by the 0.060” samples, the 0.080” samples performed exceptionally at all
angles other than 30 degrees. While, the 0.080” still failed the allowable leak rate, they
did improve form the 0.060”. Sample 1 had a 117.39% improvement while sample 2 had
a 72.49% improvement. Sample 3 however did not improve and was significantly worse
than the respective 0.060” sample. This can be caused due to many of the issues
discussed previously with the raster breaking or the rubber gasket or putty seal breaking
as well. It can be concluded that more samples should be tested at these angles to
determine if the results show similar trends. The trends for the 0.080” coupons at 0
degrees can be seen below. As stated before a couple coupons proved to be outliers, but
the data has shown to be very similar. The remaining plots can be seen in the appendix.
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Figure 62 0.080" Pressure Decay Plot 0 Degree Coupons

4.1.1.4 0.100” Thickness 0 Degree Print Orientation
The next batch of data tested was the 0.100” coupons. As expected this set performed
with similar trend to the 0.060” and the 0.080” coupons. All of the samples surpassed the
acceptable leak rate except for 30 degrees. While the 30-degree samples did not pass the
allowable leak rates, they provided more consistent results. A statistical DOE was further
performed to correlate the leak rates and can been seen later in the results. As show
before for 0.060” and 0.080” the 0-degree leak rates at 0.100” are 0.00006105,
0.00006066, and 0.00006695. These leak rates as mentioned previously are far better than
the acceptable. The difference for the three coupons at 0.080” and 0.100” is 107.31%,
12.17%, and 4.02% respectively. Between the first coupons there was a major
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improvement due to the 0.080” coupon losing pressure pre-maturely. Coupon 2 and three
compared very similarly.

Figure 63 0.100" 0 Degree Pressure Decay Plots

With this relation it can be noted that the added weight from the 0.100” sample
might aid in strength of the part but might not necessarily add to a better seal. The
samples tested produced leak rates that are tightly held to one another compared to the
0.060” and the 0.080” leak results. The confidence intervals can be seen later in the
results. Comparing the weights of samples 2 and 3 at 0.060” to 0.080” and then 0.080” to
0.100” there is a drastic increase in weight. For the first comparison set at 0 degrees for
sample 2 and 3, the weights at 0.060” were 10.231 and 10.217 grams. At 0.080” the
weights were 13.714, and 13.725 respectively. The percent difference at for each sample
set is 29.09% and 29.30% respectively. With the increased weight between the 0.080”
and 0.100” samples, the reduced leak rate was very minimal. The remaining plots can be
seen in the appendix.
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5.Wall Thickness and Print Angle Analysis
5.1 Theory
Once the samples were tested, a DOE analysis was performed to correlate the leak
rates to confidence intervals. A few different tests were performed at a 95% confidence
interval. A typical experiment is driven by different processes and parameters and can
result in different outcomes due to different process changes and inputs (Montgomery).
Design of experiments is noted as the process of planning an experiment so that the data
can be collected and statistically analyzed. There are a few factors that are considered
when creating a design of experiment including, randomization, replication, and
blocking. Some of the guidelines that should be considered when creating DOE are factor
screening, optimization, performing the experiment, and analyzing the data
(Montgomery). Pg 14
5.1.1 Mean Leak Rate Effects Excluding 30 Degrees
In addition to comparing the leak rates and weights of the samples, a statistical
DOE was also performed. Minitab was used to setup the DOE and plot a few results.
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Figure 64 Mean Effects No 30 Degree

Figure 64 shows the mean leak rates when 30-degree samples are removed from
the pool of data. Further in this section as well as the appendix, the samples with 30
degree can be seen. 30-degree coupons proved to surpass the allowable leak rates at all
samples. As seen above, the samples show a trend as the thickness increases. The mean
effects are shown, and no interactions are represented between the samples in this plot.
This was to show as the thickness increases, the ability to produce leak proof parts also
increase. As seen with the angles, 60 degree represented the lowest leak rates. This could
be due to the shallower print angle when compared to the 45 degrees. 45 degree is the
minimum to print without support. Analyzing the plots, the best printed results came
from the angled samples at 45 and 60 degrees more so than the 0 and 90 degrees. The 90degree samples were printed vertically with stabilizer walls and could have had some
layer adhesion issues.
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5.1.2 Leak Rate Interaction Excluding 30 Degrees

Figure 65 Interaction Plots No 30 Degree

The next plot that was analyzed from the DOE represented the leak rates based on a 95%
confidence interval. A 95% confidence interval represents the percentage of the true
mean population. It represents the data tested and assigns an interval that is to be
expected for the results.
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5.1.3 Leak Rate Interval Plot Excluding 30 Degrees 95% Confidence Interval
Interval Plot of Leak Rate
95% CI for the Mean
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Figure 66 95% Mean Confidence Interval no 30 degrees

Figure 66 represents the mean confidence interval at a 95% level for all tested
samples excluding 30 degrees. 30 degrees resulted in such a poor leak rate, the data
gathered effected the mean sample data. 30-degree samples will be shown on a plot of its
own, but all the other angles can be seen. As seen as the thickness increases the
consistency of prints and the leak rates improve significantly. As stated before the 0degree sample at 0.080” seem perform worse than the 0.060” sample. One test causes this
issue and in general the confidence intervals were held tighter and the changes of
providing a leak proof part improved with thickness. In general, it seemed 45- and 60degree angles provided the most consistent leak rates. There are a few factors to consider
when analyzing the data set. The 0-degree samples while printed flat, required a raft, this
resulted in a very porous finish even though the samples passed the allowable leak rate.
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Interval Plot of Leak Rate
95% CI for the Mean
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Figure 67 95% Mean Confidence Interval no 30 degrees with omitted results

Figure 67 shows the results gathered from the confidence interval plots omitting
skewed data. It can be seen that there are negative ranges to the leak rates in Figure 66 for
the leak rates. This is not possible as the system resulted in no pressure rather than a
negative pressure. This was due to some of the data being outliers. These samples were
retested when the data was inaccurate to ensure the samples themselves were the problem
rather than the test system. The first tests performed at 0.060” 90 degrees and 0.080” 0
degrees were omitted due their leak rates being on a different order of magnitude. Once
the rates were omitted, the leak rate ranges stayed positive during the confidence interval
test.
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5.1.4 Surface Roughness Analysis 1 Contour
Table 3 0.060" Surface Roughness

Surface Roughness Results 0.060” Samples
1 Contour Samples
(Degrees)
0

Ra (mm)

Rz (mm)

0.023

0.209

30

0.124

0.670

45

0.107

0.605

60

0.020

0.103

90

0.007

0.042

As seen above in Table 3 as the angle increased, the surface roughness Ra and Rz
improved significantly. Something to note is as the surface roughness improved the
samples leak rates did not improve. While the 90-degree printed samples resulted in a
better surface finish the 45 and 60-degree samples had a better overall leak rate and a
better mean confidence interval.
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5.1.4 Leak Rate Interval Plot 30 Degrees Only 95% Confidence Interval
For 30-degree Build Angle
95% CI for the Mean
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Figure 68 30 Degree only 95% Mean Confidence Interval

As stated previously the 30-degree sample at all angle had very poor leak rates
causing the mean values to differ. The 30-degree samples were shown on a plot by
themselves and can be seen in Figure 68. The ranges for the leak rates are far beyond the
allowable amount however, as the thickness improves the confidence intervals for the
samples do improve. Even at 0.100” thick, the samples would still not meet the allowable
leak rate, but an improvement can be observed. Based on this plot it can be concluded
that eventually, a 30-degree angle will meet the allowable leak rate; however, this comes
at the cost of weight and printing time. For these reasons, samples should not be printed
in this orientation if leakage is of concern.
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Interval Plot of Leak Rate (30°)
95% CI for the Mean
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Figure 69 30 Degree only 95% Mean Confidence Interval With Omitted Data

Similar to the result from Figure 68 the results from just the 30 degree samples had some
leak rates there were off by an order of magnitude. These results were verified and
determined that the samples themselves had some problems and not the test chamber.
Once the results were omitted the graphs fit more in line with the rest of the data and can
be seen in Figure 69.

5.2 Qualitative Surface Analysis Results
5.2.1 Introduction
A Keyence was used to capture some magnified top level images and cross
sectional data. These were used to get a better visual understanding of the leak rates
obtained from the pressure test.
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5.2.1.1 Surface Analysis Results 0.060” 30 Degree Print Orientation

Figure 70 0.060" 30 Degree Sample Image

To further investigate the 0.060” samples, a Keyence machine was used to capture some
images and cross-sectional data of the profiles of each respective sample. Top views,
edge views where the contour profiles meet raster, and cross-sectional profile
measurements were taken. It can be seen in Figure 70 the gaps that lie between the beads.
Due to the angle of the print, the print head leaves a large gap leaving raster exposed at
each layer. In addition, the aggressive print angle requires full support on underneath
leading to a very poor finish. All these factors represent the leak rates measured for a 30degree angle.
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Figure 71 0.060" 30 Degree Top Layer Color Map

Another test performed on the Keyence was the identifying a base plane using the top
layer and comparing the depth of field. This was done to show how much of a gap was
forming between beads at a 30-degree print. The red and orange are primarily represented
as the top layer. The green and blue show how much depth the Keyence has measured
form light measurements to identify the gaps. The same tests were done at 0, 45, 60, and
90 degrees for 0.060” samples to see if there were any significant changes. 2 contour and
3 contour samples were also tested to see how the improvement showed.
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Figure 72 0.060" 30 Degree Cross Section View

Figure 72 shows a cross sectional view gathered from the Keyence test. This was
done to really observe the peaks and troughs. At the peaks the samples seem fairly flat
and evenly disturbed across the plane while the troughs seem to vary greatly. This
correlates to the uneven print and rough surface finish collected. The surface finish now
seems acceptable given the very uneven surface underneath the top layer. Again, this is
believed to be caused by the very extreme angle the print head much reach along with the
full support material on the bottom side. The troughs can also be seen with long periods
of gaps before transitioning back into peaks. The overall distance the light passed through
the Keyence test was a large swing. The range in the top end was close to 0.32mm and
the bottom end being -0.34mm.
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Figure 73 0.060" 30-degree edge image

Figure 73 shows the top layer at the edge where the contour is outlined, and the
raster is filled. The aggressive 30-degree angle can be seen effecting the contour on the
edge almost looking as if it is over lapping the existing contour. This could have also
been the cause for the very poor leak rate. The edges were no longer sealed as well
because the tool head had to go back and forth at an aggressive angle nearly overlapping
the existing contour.
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Interval Plot of Leak Rate (ft^3/min) at 30° and 0.060 in Thickness
95% CI for the Mean
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Figure 74 0.060" 30 Degree 1, 2, 3, Contour Confidence Interval Plot

Figure 74 shows the mean confidence interval at 30 degree 0.060” sample as the
contours were increased from the standard 1 contour to the maximum at 3 contours. As
seen above as the contours are increased, the mean leak rates showed better consistency.
While the leak rates were still not acceptable to pass with the allowable, they showed that
the increase in contours aided in the leak reduction. With the combination of a thicker
sample as well as additional contours, eventually a 30-degree sample would hold pressure
but at the tradeoff time, weight and print time.
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Unlike the 30-degree samples, both the 45 and 60-degree samples proved to be
very effective during the leak test. As shown in

Thickness

0.06

0.08

0.1

OTS
ULTEM

Angle
0
30
45
60
90
0
30
45
60
90
0
30
45
60
90

Contours
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Weight (grams)
10.156 10.231 10.217
10.555 10.529 10.547
10.717 10.701 10.723
10.621 10.661 10.658
10.803
10.81 10.815
13.702 13.714 13.725
14.238
14.17 14.158
14.285 14.253
14.24
14.224 14.241 14.253
14.417 14.391
14.4
17.102 17.201 17.063
17.646 17.629 17.607
17.797 17.763 17.789
17.831 17.825 17.829
17.741 17.709 17.743

Leak Rate ft^3/min
4.737E-05 4.964E-05 5.137E-05
3.466E-01 3.133E-01 3.340E-02
4.574E-05 5.050E-05 4.760E-05
5.730E-05 4.457E-05 4.680E-05
1.736E-04 4.910E-05 5.360E-05
2.024E-04 5.370E-05 6.970E-05
9.020E-02 1.466E-01 1.666E-01
5.412E-05 5.302E-05 4.988E-05
4.693E-05 4.255E-05 5.765E-05
4.517E-05 4.826E-05 4.841E-05
6.105E-05 6.066E-05 6.695E-05
1.933E-01 1.733E-01 1.666E-01
4.862E-05 5.807E-05 4.619E-05
4.747E-05 4.918E-05 4.391E-05
4.628E-05 4.488E-05 4.648E-05

n/a

n/a

12.739

4.747E-05

12.738

12.739

5.054E-05

4.895E-05

Table 2 the leak rates showed to be far below the allowable number of 0.00251
ft^3/min. A condensed table highlighting the leak rates of 45 and 60-degree angle prints
can be seen below.
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5.2.1.2 Surface Analysis Results 0.060” 45 and 60 Degree Print Orientation
Table 4 Leak Rates 45 and 60 degree

Thickness
0.06
0.080
0.100
0.060
0.080
0.100

Angle
Contours
Leak Rates ft^3/min
45
1 0.00004574 0.0000505 0.0000476
45
1 0.00005412 0.00005302 0.00004988
45
1 0.00004862 0.00005807 0.00004619
60
1 0.00005730 0.00004457 0.00004680
60
1 0.00004693 0.00004255 0.00005765
60
1 0.00004747 0.00004918 0.00004391

Table 4 shows the condensed leak rates for 45 and 60-degree samples. As shown
the leak rates were far better than the acceptable amount and thus resulted in successful
trials. The parts were printed at a close at a self-supported angle; allowing for the back
side to not need support. This in return created a better surface finish allowing for a better
seal.

Figure 75 0.060" 45 Degree Plots

Pictured above is the leak rate plot for all three samples at 0.060” and 45 degrees. As the
leak rates show, the samples performed very well and resulted in a exponential and nearly
linear decay.
Table 5 45-degree Sample Percent Difference
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45 Degree Sample Percent Difference
0.060-0.080

0.080-0.100

Leak Rate

16.784%

4.869%

4.678%

10.707% 9.092%

7.682%

Weight

28.542%

28.468%

28.177%

21.894% 21.927%

21.121%

Table 5 shows the percent difference at 45-degree angle for each weight. Going
from 0.060-0.080” there was on average 28.396% increase in weight with only about an
8.777% average improvement in leakage. If the first sample set is discarded due to the
outlier result it can observe that the leak improvement is closer to 4.7735%. A large
increase in weight can result in longer print times and more material usage driving the
price of the printed part up. Since the samples passed the allowable leak rate at 0.060” it
is unnecessary to increase the weight.
Table 6 60-Degree Percent Difference

60-Degree Sample Percent Difference
0.060-0.080

0.080-0.100

Leak Rate

19.983%

4.637%

20.776%

1.144%

14.456%

27.058%

Weight

29.004%

28.753%

28.863%

22.505% 22.354%

22.293%

Table 6 shows the percent difference between the three different thicknesses. As
seen the weight had on average 28.873% increase going from 0.060” to 0.080” thick
samples. While doing so the leak rates had a different effect. The third sample tested at
0.060” resulted in a better leak rate than the 0.080” while the first two did improve with
thickness. Much like the 45-degree samples since the thinner 0.060” samples proved to
be effective it is unnecessary to require a thicker part. The 0.080” to 0.100” weights
increased on average 22.384% with a no added benefit from the leak rate. The added
weight did not translate to a better leak rate like the 45-degree sample.
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As seen by Figure 64, the 45-degree sample along with the 60-degree samples
provided a very low leak rate. There are a few factors that could have contributed to this;
the print angle and the lack of support creating a porous surface. With no interactions the
45 degree and 60-degree samples really stood out on their effectiveness. In addition to
their outstanding leak rates, they did not require ULTEM support allowing them to be
assisted with stabilizer walls. This also allowed for faster print times which would result
in quicker and cheaper parts. Figure 66 shows the confidence intervals for the mean leak
rates. It can be seen at 45 and 60 degree the results were more reputable and a much
narrower window for leak rates was produced. When compared to 0 and 30-degrees the
results found at 45 and 60 are far superior. 30-degrees was omitted from the mean
confidence intervals due to the very poor leak rates produced. As mentioned before is did
not appear the increase thickens resulted in better leak rates at 45 degrees and barely
resulted in better leak rates at 60 degrees.

Figure 76 0.060" Top Layer Cross Section and Depth Map

Figure 76 shows the top view image taken on the Keyence VR3200 machine. The
light source was used to also produce a cross section image of the data. Something
interesting to note is much like the 30-degree sample, the 45-degree samples had large
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gaps in between the beads. However, the leak rates that resulted were far better than the
ones found at 30 degrees. Something to note here is the main difference was caused by
the support material. Due to the self-supporting print angle, the 45-degree samples were
able to print without needing support material. The only difference was a raft was used
but the overall area of the raft was much smaller with a 45-degree sample. In addition to
the smaller raft, stabilizer walls were used but were offset to not intersect the part, but
rather assist the build process. By doing so the full back side of the print resulted in a far
better finish with a much less porous feel. Surface roughness was taken on the print side
of each sample and the finish was better than the 30-degree sample. With a Ra and Rz
improvement of 14.719% the samples were far better than the samples at 30-degree.

Figure 77 0.060" 45 Degree Surface Profile

Figure 77 represents the correctional view of the 0.060” 45-degree sample. This
was taken using the Keyence machine and unlike the 30-degree samples, the peaks and
troughs changing frequently. No peak or trough lasted long and when compared to the
30-degree cross sectional view the bounds were held tighter. In addition, the graphs jump
back and forth where a peak or trough is hardly established. This would explain the
improved leak rates because the air never had a chance to escape. The top layer stayed
consistent and without the need of support material allowed for overall better leak rate
even with the porous look.
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Figure 78 0.060" 45 Degree Edge View

Image above shows the top layer from where the contours meet the raster.
Compared to the 30-degree edge view, the 45-degree shows a more consistent extrusion.
Overall the layers overlap with minimal bead gap and the end seems to provide a better
seal. This would explain the improved leak rate over the 30-degree samples.
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5.2.1.3 Surface Analysis Results 0.060” 60 Degree Print Orientation

Figure 79 0.060" 60 Degree Layer View

The 60-degree samples were also tested with the Keyence machine, and the top
layer was identified. Similar to the 45-degree prints, the 60-degree prints provided an
excellent leak rate. As seen above, the layer build results in a great seal. The beads are
stacked on top with very little bead gap and overall provide a better seal than 45, 30, and
0-degree prints. Much of this can be explained to the very light angle shown. 45 degree is
the general rule of thumb for print without support. At 60 degrees the angle to print up is
less aggressive allowing for print without support. In addition, the layer overlap is
minimal allowing for better adhesion as seen.

Figure 80 0.060" 60 Degree Profile View
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Similar to the 45-degree prints, the peaks and troughs shown through the 60degree cross section are very narrow and minimal. This explains the improved leak
results as air has nowhere to escape from. The improved leak rates can also explain the
improved surface finish. The surface finish at 60 degrees was 0.020 and 0.103 for Ra and
Rz respectively. The surface finish makes sense given the smooth and consistent print.
5.2.1.4 Surface Analysis Results 0.060” 90 Degree Print Orientation
Lastly, at 0.060” 90-degree samples was also printed. This was printed vertically
and did not need any support material much like the 45 and 60-degree samples. As shown
with the increase in angle, the surface finish and overall print quality improved.
Something to note here, as the angle increased it reached a point where the leak rates
were acceptable regardless of the angle.

Figure 81 0.060" 90-degree coupons

Pictured above is the 90-degree pressure decay plots for a 0.060” sample.
Something to note here is the first sample seemed to have a worse leak rate than sample 2
and 3 known as 23 and 24 respectively. There are a few factors that can be considered
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here. As mentioned previously the lower leak rate could be identified by a raster moving
during the pressure decay test. Even though the pressure used were low, it could have
been enough to slightly move a raster. Something to also note is at 90 degrees, the build
was vertical resulting in primarily contours being used. So the lower leak rate could also
be a result of a poor layer adhesion. Some more factors to consider are the difference
components that seal the sample. The polymer putty could have been moved during the
air pressure process as well as a rubber ring gasket could have been moved.
Table 7 0.060” 90-degree leak rates

Thickness
0.06
0.080
0.100

Angle
Contours
Leak Rates ft^3/min
90
1 0.0001736 0.0000491 0.0000536
90
1 0.00004517 0.00004826 0.00004841
90
1 0.00004628 0.00004488 0.00004648

Table 7 shows the condensed leak rates captured and processed from the pressure
decay test. As mentioned previously, it is safe to assume the first sample taken at 0.060”
seems to point towards an outlier. Overall, as the thickness increased the leak rates
remained similar. This could be due to the print being vertical, all the layers are putting
down contours and by doing so allowing for a better seal.
Table 8 90 Degree Percent Difference

90 Degree Sample Percent Difference
0.060-0.080

0.080-0.100

Leak Rate

117.411%

1.726%

0.310%

2.428%

7.258%

Weight

28.659%

28.419%

28.435%

20.673% 20.673%

4.068%
20.800%

Table 8 represent the percent difference found at 90 degrees as the thickness is increased.
By increasing the thickness from 0.060” to 0.080”, the weight increased on average
28.504%. While the weight had a good increase the leak rate gains were very minimal if
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the test that did not perform well is excluded. If removing the first sample set at 0.060,
the average improvement was only 1.018%. Given the thinnest wall thickness at 0.060”
seem to have a good leak rate is does not seem necessary at this scale to move up to the
0.080” or 0.100” thickness. When jumping from 0.080” to 0.100” thickness the weight on
average increased 20.715%. This increases much like before adds to increased print times
and material usage and while the leak rate improved to on average 4.585% overall it
would be a trade off in weight.
When looking at the DOE results, Figure 66 shows the confidence interval as the
thickness is increased. It can be seen a wide range in leak rates that the data would fall
into due to the first sample throwing of the sample data. Overall even with the large range
in leak rate, the leak rates that would result would fall well into the acceptable range.

Figure 82 0.060" 90 Degree Top Layer View

Figure 82 shows the top view taken on the Keyence machine. As seen above the layers
are very uniform and overall much smoother than the remaining coupons at 0.060”. The
main factor that explains this is the print orientation of the coupon. Since this was printed
vertically and at 0.060 the layers were built up with contours and this allowed for an
exceptional surface finish. As seen in Table 3, the surface roughness in Ra and Rz was
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0.007 and 0.042 respectively. This is a 96.296% and 84.138% improvement over the Ra
and Rz found at 60 degrees. By improving the surface roughness, the leak rates remained
similar. After 45-degrees, the leak rates were all well below the acceptable.

Figure 83 0.060" 90 Degree Profile Image

Figure 83 shows the section view from the Keyence image test. A light was used
to determine the depth of field to create a profile view of the 90-degree coupons. As seen
above, the peaks and troughs are very minimal and change quickly. Also, the span
between the peaks and troughs is much lower than the remaining samples. Overall, this
allowed for a very good surface finish and good leak rates. This was primarily in part due
to full contours being extruded through the print head.
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Figure 84 0.060 90 Degree Edge View

Figure 84 shows the edge view of the 90-degree samples taken on the Keyence.
The excellent surface finish can be observed as there is no surface roughness or support
material to meet the coupon. The full contour resulted in the best surface finish, and leak
rate far below the allowable.
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6.Conclusion
The ability to identify the leak rate and assign confidence intervals to each respective
coupon allowed for a successful DOE. There were many factors that were considered to
making this experiment possible and many parameters that were left untouched as there
would not be a good base point to start with. To recap, the current equipment in question
was failing and an alternative method of reproduction was required. Many of the
suppliers and manufactures that created the existing hardware were no longer and
business; creating a need for AM. Once AM was identified as the best possible method to
not only reproduce these parts but to improve them, a material search began. A few
materials form the Stratasys line were considered but ultimately ULTEM 9085 CG was
the material of choice. ULTEM 9085 CG was chosen due to its lot traceability and
repeatable properties. With the use of the high-performance package and the Fortus F900
printer, UTLEM 9085 CG was the best material available. Another major factor that led
to the use of ULTEM 9085 CG was not only its traceability, but the steps required during
each print to certify. To certify a print, the canister head to be dried for 12 hours in an
oven prior to being loaded in the drying chamber of the printer; this was to ensure any
moisture was gone that could affect the print. Each printer had to perform an ooze drip
test checking how much material would ooze out of the print head once it was set to
extrude.
The coupons were sliced using a Stratasys software known as Insight. Insight was
used due the customizable parameter set. The contours and rasters could be adjusted
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along with the fill type. For the coupons used in the first test three different thickness
samples were sliced at different angles. The rest of the parameters were left untouched.
After the printer, material and coupons were setup and printed a test chamber and
data logger were created. The test chamber used many off the shelf components to create
a simple pressure decay system. This was paired with an Arduino based data logger that
would measure the pressure decay found in the system and different coupons every
second. Once the coupons, pressure chamber, and data logger were created all the
samples were analyzed. For the first round of tests all the samples were left to one
contour. The thickness of the coupon and the angle at which they were printed were
adjusted.
The 0, 45, 60, 90- printed coupons performed very well at all thicknesses and
passed. The 30-degree samples performed very poorly even at 0.100” and would require
additional testing to determine the proper thickens to hold pressure. Between the
coupons did have good leak rates, 45- and 60-degree samples proved to be the best
followed by 90-degree samples. In general, as the thickness increased the 95%
confidence interval that the coupons would be leak proof greatly increased. However,
there were a few outliers during the data analysis. In addition, a 2nd set at only 30-degree
was performed. The coupons remained 0.060” at 30 degrees and the contours were
increased. This was done to determine if the increased contours on each layer would aid
in the reducing the leakage. After conducting the second DOE, it can be concluded that
while the leak rates were above the acceptable amount there was an improvement with an
increased number of contours.
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7.Future Work
Overall, this DOE proved to be very effective in creating a pressure decay system.
The low-cost system and data logger allowed for quick data collection which was
analyzed, and a DOE statistical analysis was performed. While a lot more has been
researched and identified with the parameter set, there are still more unknowns that are
present. Some next steps would be to scale up this model and print some larger coupons.
By doing so the model can be verified for size and scaling. Some more areas to consider
would be to look into the additional untouched parameters. The raster to raster air gap,
the raster to contour air gap, and finally the contour to contour air gap were not adjusted
for this test as there would be too many variables to identify. With the current model
since there is a proven very good and bad angle, it would be worth investigating the air
gap effects at those respective angles to see if the sealing can be improved.
While this DOE was performed for ULTEM 9085 CG there are more materials in
question. ULTEM was used to do its extremely good toxicity and material properties.
More materials such as Antero could also be investigated if strength was also a concern
in addition to the sealing. With the setup test chamber and data system, it would be easy
to recreate this DOE for a wide range of materials to see if there are some potential
candidates available.
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Appendix A

Figure 85 0.060" 30 Degree Trend Lines

Figure 86 0.060" 30 Degree Plots
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Figure 87 0.060" 45 Degree Trend Lines

Figure 88 0.060" 60 Degree Plots
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Figure 89 0.060” 60 Degree Trend Lines

Figure 90 0.060" 90 Degree Plots
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Figure 91 0.060" 90 Degree Trend Lines

Figure 92 0.080 0 Degree Plots
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Figure 93 0.080 0 Degree Trend Lines

Figure 94 0.080" 30 Degree Plots
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Figure 95 0.080" 30 Degree Trend Lines

Figure 96 0.080" 45 Degree Plots
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Figure 97 0.080" 45 Degree Trend Lines

Figure 98 0.080" 60 Degree Plots
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Figure 99 0.080" 60 Trend Lines

Figure 100 0.080" 90 Degree Plots
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Figure 101 0.080" 90 Degree Trend Lines

Figure 102 0.100" 0 Degree Plots
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Figure 103 0.100" 0 Degree Trend Lines

Figure 104 0.100" 30 Degree Plots
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Figure 105 0.100" 30 Degree Trend Lines

Figure 106 0.100" 45 Degree Plots
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Figure 107 0.100" 45 Degree Trend Lines

Figure 108 0.100" 60 Degree Plots
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Figure 109 0.100" 60 Degree Plots

Figure 110 0.100" 90 Degree Plots
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Figure 111 0.100" 90 Degree Trend Lines
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Figure 112 MATLAB Leak Rate Calculator and Plotter
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Figure 121 Leak Rate Effects 0.060" 30 Degree Only
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Figure 122 95% Confidence Interval 0.060" 30 Degree Multiple Contours

Figure 123 0.060 0 Degree Top Layer View
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Figure 124 0.060” 0 Degree Depth Measurement

Figure 125 0.060” 0 Degree Profile View
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Figure 126 0.060” 30 Degree Top Layer View

Figure 1270.060” 30 Degree Depth Measurement
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Figure 128 0.060” 30 Degree Profile View

Figure 129 0.060” 45 Degree Top Layer View
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Figure 130 0.060” 45 Degree Depth Measurement

Figure 131 0.060” 45 Degree Profile View
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Figure 132 0.060” 60 Degree Top Layer View

Figure 133 0.060” 60 Degree Depth Measurement
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Figure 134 0.060” 60 Degree Profile View

Figure 135 0.060” 90 Degree Layer View
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Figure 136 0.060” 90 Degree Depth Measurement

Figure 137 0.060” 90 Degree Profile View
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Figure 138 0.060" 30 Degree Edge View Depth

Figure 139 0.060" 0 Degree Edge View Depth
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Figure 140 0.060" 45 Degree Edge View Depth

Figure 141 0.060" 90 Degree Edge View Depth
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Figure 142 0.060" 30 Degree 2 Contour Layer View

Figure 143 0.060" 30 Degree 2 Contour Depth View
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Figure 144 0.060" 30 Degree 2 Contour Profile View

Figure 145 0.060" 30 Degree 3 Contour Layer View
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Figure 146 0.060" 30 Degree 3 Contour Depth View

Figure 147 0.060" 30 Degree 3 Contour Profile View
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Appendix B
Real Time Clock

//Source: https://www.hackster.
io/Fillbee/arduino-pressure-measuring-andlogging-42189b
#include "Wire.h"
#define DS3231_I2C_ADDRESS 0x68
// Convert normal decimal numbers to
binary coded decimal
byte decToBcd(byte val)
{
return( (val/10*16) + (val%10) );
}
// Convert binary coded decimal to normal
decimal numbers
byte bcdToDec(byte val)
{
return( (val/16*10) + (val%16) );
}
void setup()
{
Wire.begin();
Serial.begin(9600);
// set the initial time here:
// DS3231 seconds, minutes, hours, day,
date, month, year
setDS3231time(00,29,14,6,22,3,
19);
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// set required time here
}
void setDS3231time(byte second, byte
minute, byte hour,
byte dayOfWeek, byte
dayOfMonth, byte month, byte year)
{
// sets time and date data to DS3231
Wire.beginTransmission(DS3231_I2C_ADDRESS)
;
Wire.write(0); // set next input to start
at the seconds
register
Wire.write(decToBcd(second)); // set
seconds
Wire.write(decToBcd(minute)); // set
minutes
Wire.write(decToBcd(hour)); // set hours
Wire.write(decToBcd(dayOfWeek)); // set
day of week
(1=Sunday, 7=Saturday)
Wire.write(decToBcd(dayOfMonth)); // set
date (1 to 31)
Wire.write(decToBcd(month)); // set month
Wire.write(decToBcd(year)); // set year (0
to 99)
Wire.endTransmission();
}
void readDS3231time(byte *second,
byte *minute,
byte *hour,
byte *dayOfWeek,
byte *dayOfMonth,
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byte *month,
byte *year)
{
Wire.beginTransmission(DS3231_I2C_ADDRESS)
;
Wire.write(0); // set DS3231 register
pointer to 00h
Wire.endTransmission();
Wire.requestFrom(DS3231_I2C_ADDRESS, 7);
// request seven bytes of data from DS3231
starting from
register 00h
*second = bcdToDec(Wire.read() & 0x7f);
*minute = bcdToDec(Wire.read());
*hour = bcdToDec(Wire.read() & 0x3f);
*dayOfWeek = bcdToDec(Wire.read());
*dayOfMonth = bcdToDec(Wire.read());
*month = bcdToDec(Wire.read());
*year = bcdToDec(Wire.read());
}
void displayTime()
{
byte second, minute, hour, dayOfWeek,
dayOfMonth, month,
year;
// retrieve data from DS3231
readDS3231time(&second, &minute, &hour,
&dayOfWeek,
&dayOfMonth, &month,
&year);
// send it to the serial monitor
Serial.print(hour, DEC);
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// convert the byte variable to a decimal
number when
displayed
Serial.print(":");
if (minute<10)
{
Serial.print("0");
}
Serial.print(minute, DEC);
Serial.print(":");
if (second<10)
{
Serial.print("0");
}
Serial.print(second, DEC);
Serial.print(" ");
Serial.print(dayOfMonth, DEC);
Serial.print("/");
Serial.print(month, DEC);
Serial.print("/");
Serial.print(year, DEC);
Serial.print(" Day of week: ");
switch(dayOfWeek){
case 1:
Serial.println("Sunday");
break;
case 2:
Serial.println("Monday");
break;
case 3:
Serial.println("Tuesday");
break;
case 4:
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Serial.println("Wednesday");
break;
case 5:
Serial.println("Thursday");
break;
case 6:
Serial.println("Friday");
break;
case 7:
Serial.println("Saturday");
break;
}
}
void loop()
{
displayTime(); // display the real-time
clock data on the
Serial Monitor,
delay(1000); // every second
}
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Pressure Data Logger

Source: https://www.hackster.
io/Fillbee/arduino-pressure-measuring-andlog
ging-42189b
#include <LiquidCrystal_I2C.h>
#include <RTClib.h> // real time
clock libray
#include <SD.h> // sd card
LiquidCrystal_I2C lcdI2C(0x27, 2, 1, 0, 4,
5, 6, 7, 3, POSITIVE); //Set the LCD I2C
address
#define LCD_ADDRESS
0x27
//
Define LCD characteristics
#define LCD_ROWS 2
#define LCD_COLUMNS 16
#define SCROLL_DELAY 150
#define BACKLIGHT
255
//
object initialization
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//LiquidCrystal_PCF8574 lcdI2C;
//LiquidCrystal_I2C;
RTC_DS1307 RTC; // define the Real Time
Clock object
//Real_Time_Clock RTC;
int n = 1;
int
val;
// A simple data logger for the
Arduino analog pins
#define LOG_INTERVAL 1000 // mills between
entries (reduce to take more/faster data)
// how many milliseconds before
writing the logged data permanently to
disk
// set it to the LOG_INTERVAL to
write each time (safest)
// set it to 10*LOG_INTERVAL to
write all data every 10 datareads, you
could
lose up to
// the last 10 reads if power is
lost but it uses less power and is much
faster!
#define SYNC_INTERVAL 10000 // mills
between
calls to flush() - to write data to the
card
600000 = 10 minutes
uint32_t syncTime = 0; // time of last
sync()
const int chipSelect =
10;
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// for the
data logging shield, we use digital pin 10
for the SD cs line
File logfile;
void error(char *str)
{
Serial.print(F("error: "));
Serial.println(str);
}
void setup(void)
{
Serial.
begin(9600);
// start serial port
Serial.println(F("pressure reading off
SKU237545
SENSOR"));
//F = macro function to save dynamic
memory
lcdI2C.begin(LCD_COLUMNS, LCD_ROWS,
BACKLIGHT);
lcdI2C.print(F("Simple Data Logger" ));
lcdI2C.setCursor(0,2);
lcdI2C.print(F(" bar and psi " ));
delay (2000);
lcdI2C.clear();
// initialize the SD card
Serial.print(F("Initializing SD
card..."));
// make sure that the default chip select
pin is set to
// output, even if you don't use it:
pinMode(10, OUTPUT);
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lcdI2C.setCursor(0,0);
lcdI2C.print(F("Initializing SD card...
")); //
Print String to LCD on first line
delay(3000);
lcdI2C.clear();
if (!SD.begin(chipSelect))
{
// see if the card
is present and can be initialized:
error("Card failed, or not present");
lcdI2C.setCursor(0,2);
lcdI2C.print("Card failed, or not
present");
// Print String to LCD on first line
delay(3000);
while(1);
}
Serial.println(F("card initialized."));
char filename[] = "LOGGER00.
CSV";
// create a new file
for (uint8_t i = 0; i < 100; i++) {
filename[6] = i/10 + '0';
filename[7] = i%10 + '0';
if (! SD.exists(filename)) {
// only open a new file if it doesn't
exist
logfile = SD.open(filename,
FILE_WRITE);
break; // leave the loop!
}
}
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if (! logfile) {
error("couldnt create file");
}
lcdI2C.clear();
lcdI2C.setCursor(0,0);
lcdI2C.print(F("File No " ));
lcdI2C.print(filename);
Serial.print(F("Logging to: "));
Serial.println(filename);
// connect to RTC
if (!RTC.begin()) {
logfile.println("RTC failed");
#if ECHO_TO_SERIAL
Serial.println(F("RTC failed"));
#endif //ECHO_TO_SERIAL
}
logfile.println("Date / Time ,pressure ,
bar ,reading ,psi,reading ");
delay(5000);
lcdI2C.clear();
// Clear LCD screen.
}
void loop(void)
{
int sensorVal=analogRead(A1);
//Serial.print("Sensor Value: ");
//Serial.print(sensorVal);
float voltage = (sensorVal*5.0)/1024.0;
// Serial.print("Volts: ");
// Serial.print(voltage);
float pressure_pascal =
(2.0*((float)voltage-0.300))*1000000.
0; //calibrate here
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float pressure_bar =
pressure_pascal/100000;
float pressure_psi = pressure_bar/14.5038;
Serial.print("Pressure = ");
Serial.print(pressure_bar);
Serial.print(" bars ");
Serial.print ("psi ");
Serial.print (pressure_psi);
Serial.println();
DateTime now;
now = RTC.
now();
// fetch the
time
delay((LOG_INTERVAL -1) - (millis() %
LOG_INTERVAL));
// delay for the amount of time we want
between sd card readings
int H = now.
hour();
// Get the
hours right now and store them in an
integer
called h
int M = now.
minute();
// Get the
minutes right now and store them in an
integer called m
int S = now.
second();
// Get the
seconds right now and store them in an
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integer called s
logfile.print(now.year(), DEC);
logfile.print("/");
logfile.print(now.month(), DEC);
logfile.print("/");
logfile.print(now.day(), DEC);
logfile.print(" ");
if
(H<10){
//
Add a zero, if necessary, as above
logfile.print(0);
}
logfile.print(now.hour(), DEC);
logfile.print(":");
if
(M<10){
// Add
a zero, if necessary, as above
logfile.print(0);
}
logfile.print(now.minute(), DEC);
logfile.print(":");
if
(S<10){
// Add a
zero, if necessary, as above
logfile.print(0);
}
logfile.print(now.second(), DEC);
// logfile.print('"');
Serial.println();
Serial.print(now.year(), DEC);
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Serial.print("/");
Serial.print(now.month(), DEC);
Serial.print("/");
Serial.print(now.day(), DEC);
Serial.print(" ");
if
(H<10){
// Add a
zero, if necessary, as above
Serial.print(0);
}
Serial.print(now.hour(), DEC);
Serial.print(":");
if
(M<10){
// Add a
zero, if necessary, as above
Serial.print(0);
}
Serial.print(now.minute(), DEC);
Serial.print(F(":"));
if (S<10){ // Add a zero, if necessary,
as above
Serial.print(0);
}
Serial.print(now.second(), DEC);
Serial.println();
lcdI2C.setCursor(0,0);
lcdI2C.
print(pressure_bar);
// Print String to LCD on first
line
lcdI2C.print ("bar ");
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lcdI2C.print (pressure_psi);
lcdI2C.print ("psi ");
lcdI2C.setCursor(0,1);
//lcdI2C.print(now.year(),
DEC); // lcd
doesnt have enough character spaces to
show
the year
// lcdI2C.print("/");
lcdI2C.print(now.day(), DEC);
lcdI2C.print("/");
lcdI2C.print(now.month(), DEC);
lcdI2C.print(" ");
if
(H<10){
//
Add a zero, if necessary, as above
lcdI2C.print(0);
}
lcdI2C.print(now.hour(), DEC);
lcdI2C.print(":");
if
(M<10){
// Add
a zero, if necessary, as above
lcdI2C.print(0);
}
lcdI2C.print(now.minute(), DEC);
lcdI2C.print(":");
if
(S<10){
// Add a
zero, if necessary, as above
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lcdI2C.print(0);
}
lcdI2C.print(now.second(), DEC);
logfile.print(", ");
logfile.print(millis());
logfile.print(", ");
logfile.print(" Pressure = ");
logfile.print(",");
logfile.print(pressure_bar);
logfile.print(",");
logfile.print(" bar ");
logfile.print(",");
logfile.print(pressure_psi);
logfile.print(",");
logfile.print("psi");
logfile.println();
if ((millis() - syncTime) < SYNC_INTERVAL)
return;
syncTime = millis();
logfile.flush();
delay(10);
}
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